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PREFACE. 



In addition to the ordinary teaching in connection with the School 
of Metallurgy of the University of Birmingham, special short courses 
of lectures dealing with local industries have been arranged from 
time to time. These have been delivered in the evenings, and have 
attracted considerable audiences. 

In the spring of last year, for the third time since the department 
was established in Mason College in 1885, the subject chosen was 
Cast Iron. There was no intention to publish these lectures when they 
were originally prepared, but so many requests were received for 
copies, not only from the audience, but also from distant parts, that, 
somewhat reluctantly, publication was at length decided on. 

It is hoped by this means that those who attended the lectures 
will have an opportunity of going once more over the same ground, 
whilst the information will also be rendered available for a wider 
public. At the same time it is realized that the lectures will lose 
in publication the advantages of practical illustration at the lecture 
table. The form most suitable for popular explanation is also, at 
times, not that most fitted for a written statement. Hence, though 
the general scope of the lectures has been retained, opportunity has 
been taken to introduce some alterations and additions, which will, 
it is hoped, make the work more permanently useful. 

In explanation of the scope of the lectures it may be added that 
the audience consisted chiefly of men who are actually engaged in 
the iron-founding and allied industries; to such an audience any 
detailed description of practical manipulation would have been super- 
fluous, while they would, on the other hand, have found too much 
theoretical explanation tedious and difficult to follow. 

A number of illustrations have been specially prepared for use in 
connection with these lectures, and I desire here to gratefully 
acknowledge assistance rendered in this direction by various friends. 
To Mr 0. F. Hudson, Lecturer in Metallurgy in the University 
of Birmingham, I am indebted for the preparation of the micro- 
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photographs reproduced in Figs. 46 and 48 to 53, and also for 
reading the proofs. Mr J. Roberts kindly supplied the drawing for 
Fig. 20, and Mr J. T. Stobbs the photograph for Fig. 2. The British 
Westinghouse Co., Ltd., kindly provided drawings for Figs. 18 and 
19; while Messrs Thwaites, Ltd., prepared a special diagram which 
has been reduced in Fig. 23. I am also under obligation to the 
proprietors of Cassier^s Magazine for the blocks used for Figs. 9, 13, 
28, and 29 ; and to Mr W. Jones for that employed for Fig. 27 ; while 
my thanks are specially due to Mr W. J. Keep for permission to use 
Figs. 34 to 38 and 40 to 45 from his volume on Cast Iron, 

If practical men of the type which attended these lectures should 
find the earlier portion of this little book interesting, and the 
remainder of actual utility in their daily avocation, the desires of 
the author will have been fully realized. 

THOMAS TURNER. 

Thbs Univbbsity, Bibmingham, 
March 1904^ 
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LECTURE I. 
Varieties of Iron and Steel. 

Everyone connected with the manufacture of iron and steel is 
aware that iron is commonly met with in three forms : — namely 
cast iron, wrought iron and steel ; and that the properties of these 
varieties differ so much that there is frequently less difference in 
physical properties between separate metals, such as nickel and 
cobalt, or tin and lead, than there is between, say, white cast iron 
and wrought iron, or grey cast iron and tool steel. These remarkable 
differences in properties are not due to any variation in the iron 
itself, but are dependent upon the proportion of other constituents 
which are present in or with the iron. These constituents can 
scarcely be regarded as impurities, in that they are necessary for the 
production of the particular qualities which are desired. 

Cast iron may be regarded as the iron smelter's crude product. It 
is the cheapest form in which iron is met with in commerce. It is, 
relatively, easily fusible and brittle, and contains a large proportion 
of foreign substances, the total amount of impurities seldom being 
less than 5 % of the whole, while it frequently amounts to 8 or 10 %, 
and, in special cases, to an even higher proportion. 

Wrought iron, on the other hand, is tough, and has a fibrous 
structure. While it welds easily, it is only fusible at a very high 
temperature. Speaking generally, it is the purest commercial 
variety of iron, and usually contains about 0*25 % of total impurities. 

Steel is a material of intermediate chemical purity, which is now 
made in so many forms as to make a simple definition somewhat 
difl&cult. But it may be conveniently divided into two kinds, one of 

3 



4 LECTURES ON IRON-FOUNDING 

which, known as " mild steel," is produced in large quantities in a 
molten condition, and is used where tenacity and ductility are 
required. The foreign elements in this variety are usually under 
1 %, carbon and manganese being the most important constituents. 
The other, and more expensive variety of steel, is manufactured in 
smaller quantities, usually in crucibles, and it combines with 
moderate fusibility the remarkable properties of. hardening and 
tempering which are so valuable in the production of tools of all 
kinds. Steel of this kind usually contains from '5 to 1*5 % of carbon. 
The following table gives the approximate proportion of carbon 
contained in steel used for various typical purposes, and illustrates 
the considerable differences met with on analysis. These variations 
in composition lead to the development of very distinctive physical 
properties, and it is important that the engineer or workman should 
select steel which has a suitable composition for the purpose in view. 

Carbon in Steel used for various Purposes. 









Per cent. 


Wire, sheets, smith's work . . . '06 -'15 


Bridges 






•2 


Boiler plates . 






. -25 --30 


Rails and tyres 






•30 --50 


Springs 






. -5 


Pressure dies . 






•75 


Wood chisels, sets, etc. 






•875 


Cold chisels . 






100 


Large cutters, dies, etc. 






M25 


Cutters, drills, etc. 






1-25 


Hard files 






1-375 


Razors 






1-50 



Extending Applications of Cast Iron. 

When in 1886 I first delivered a course of lectures in Birmingham 
on cast iron, it was anticipated by many, that, owing to the rapid 
development of steel foundry practice, the demand for cast iron 
would rapidly diminish, and that iron-founding would soon become a 
thing of the past. On that occasion, however, I ventured to quote 
with approval, from the address of the late Mr Jeremiah Head, as 
president of the Institution of Mechanical Engineers, in which 
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reasons were given for anticipating a continued and extended use of 
the cheaper material. These anticipations have been fully borne out 
in the interval that has since elapsed. 

Cast iron possesses, among other advantages, the following 
properties, which render it especially suitable for foundry work. 

On accoimt of its cheapness, castings can be produced in iron at 
lower prices than in any other metal, while, owing to its abundance, 
it is less liable to suffer considerable fluctuation in price. It can 
also, for these reasons, be readily obtained in all parts of the civilised 
world. Its easy fusibility also tends to allow of its ready melting 
and manipulation, while the expansions^ which take place during 
solidification, and subsequently, enable it to take a sharp impression 
of the mould. It possesses sufficient tensile and transverse strength 
for the majority of ordinary applications, while its crushing strength 
is higher than that of any other material used in construction. 
It requires no annealing, hence time is saved, as compared with 
steel, and a casting can be produced immediately if required, either 
for a special order, or in case of breakage. Castings in iron have finer 
and smoother surfaces than those produced in steel. ' Iron castings 
are less liable to rust than wrought iron or ordinary steel, 
especially if the skin is retained. Further, when used for bearing 
surfaces, cast iron wears well, while the additional weight of the 
cheaper material which can be used is often an advantage for the 
bed-plate or foimdation of an engine, or of a large machine tool. 

From the above considerations it may be reasonably anticipated 
that, despite the ever increasing application of steel, the uses of cast 
iron are likely to be considerably extended rather than to show any 
important diminution. 

History of Cast Iron. 

The production of cast iron is now the first stage in all modern 
processes of iron and steel manufacture, and pig iron is the most 
abundant variety of iron in commerce. It was not, however, the 
form of iron first made, nor indeed was iron the material originally 
used by man for his tools and implements. 

Prehistoric man employed tools and weapons made of stone, flint 

^ Molten iron, from which graphite separates, expands at the moment of 
solidification. Subsequently, during cooling, a further separation of graphite 
takes place, interrupting the regular rate of contraction by momentary expansion. 
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being largely employed for such purposes. This early period in the 
development of the race lasted for a very considerable period, and is 
conveniently divided into three stages. 

(1) Eolithic, in which the stone implements were very roughly 

shaped, chiefly by chipping. 

(2) Palaeolithic, in which there was a greater variety of instruments, 

and these were more perfectly shaped. 

(3) Neolithic, in which still more highly finished hammers, chisels, 

and other tools were produced in stone, and polished. 

During the latter part of this stone age, bronze was introduced. 
This was, in the first place, merely an impure copper, hardened by 
sulphur, arsenic, iron, or other impurities, more or less accidentally 
introduced. As the bronze age progressed, the value of tin was 
fully recognised, and the composition of the later examples of bronze 
was much the same as that of the gun-metal of the present day*. 

About the beginning of the historic period, or perhaps somewhat 
earlier, iron was introduced. It was always made by a process of 
simple reduction from the ore, the product being wrought iron. By 
a slight modification of the simple process so employed, steel could 
be made as readily as wrought iron, and was so produced on a con- 
siderable scale. The Romans were familiar with both iron and steel, 
and produced these materials in large quantities during their occupa- 
tion of Britain. 

With the revival of knowledge towards the close of the dark a^es, 
more iron was required and furnaces of increased size were adopted. 
No doubt in some of these large " bloomeries " cast iron was at first 
accidentally produced. It was believed by Lower that cast iron was 
made in Sussex about 1350, but the exact date of its practical 
application for foundry work is unknown, though this would appear to 
be certainly not later than 1490, its earliest application being on the 
continent of Europe. Its use rapidly spread into England, so that 
in September 1516 a large iron gun called "The Basiliscus," which 
weighed about 10,500 lbs., had been cast in London.^ At the Tower 
of London there are still preserved two large cast iron guns yrhich 
were brought over from Ireland in the reign of Henry VIII. 

All the iron produced at this period was made by the use of char- 
coal, and the growing scarcity of fuel crippled the iron trade of the 
United Kingdom, while the industry still flourished on the continent, 
where charcoal was more abundant. 

^ Viscount Dillon, Archceologia, Vol. LI. Part L, page 168. 
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Iron was first smelted with coke, made fjrom pit-coal, in Stafford- 
shire, by Dud Dudley, in the reign of Charles I., but the process 
was revived and brought into practical use by Abraham Darby at 
Coalbrookdale, in Shropshire, about 1730, and this process made 
available, for the purpose of the iron-master, the greater part of the 
enormous coal supply of Great Britain, and rendered possible the 
developments which followed. These included the introduction of 
steam-blowing engines about 1770, and the application of the hot- 
blast by Neilson in Scotland in 1829. The latter invention was 
shortly afterwards followed by improved blast furnace shape, and 
increased capacity, particularly in Staffordshire, which coimty was 
in 1850 the leading iron producing centre in the world. 

The opening up of the Middlesboro' district about this time, with 
the subsequent introduction of much larger furnaces, and fire-brick 
regenerative hot-blast stoves, led to an enormously increased pro- 
duction, and Cleveland became the chief centre of the iron industry ; 
but the development of the Connellsville coke region in Western 
Pennsylvania, and of the magnetic iron ore deposits of Lake Superior, 
led to so great an increase in the American iron trade, that in 1890 
the production of the United States for the first' time exceeded 
that of the United Kingdom. The subsequent developments 
and improvements in the blast furnace practice in the United 
States, and the opening up of the mines of soft, rich, easily 
reducible iron ore in the Mesabi range,' combined with the 
enormous demands of a rapidly developing country and a pro- 
tective tariff, have led to unprecedented production, so that the 
output of pig iron in the United States in 1903 was no less than 
18,000,000 tons, as against a production of 8,500,000 tons in the 
United Kingdom. 

During the nineteenth century many wonderful advances attracted 
public attention, such as the substitution of the stage coach by the 
express train, and of the sailing ship by the ocean liner, while the 
old, crude methods of signalling were replaced by the telegraph or 
telephone. But perhaps in no direction was more progress made than 
in connection with the metallurgy of iron and steel. In blast furnace 
practice alone the output per furnace, during the century, was in- 
creased fully a hundredfold, while the fuel consumption per ton of 
iron was reduced to one-fifth of that previously employed. It is not 
too much to say, that apart from this remarkably increased production 
and economy in the manufacture of iron, much of the great material 
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progress which will always be associated with the Victorian era 
would have been impossible. 

Production of Cast Iron. 

As the iron-founder in his daily business is called upon to use 
different varieties of iron for particular purposes, and, partly with 
the object of obtaining a better product, and partly on account of 
variations in supply, he seldom confines himself to a single, brand of 
iron, it is important that he should have some information as to 
the sources from whence the iron he uses is obtained, and the 
methods by which it has been manufactured. Such knowledge 
will allow of more intelligent foundry mixing, and frequently also 
of the production of a better product at reduced cost. But as 
the iron-founder is generally only a user and not a producer of 
iron, it will not be necessary to enter into any minute detail as 
to the process whereby cast iron is made, a general outline being 
sufl&cient for present purposes. 

Iron Ores. 

The primary consideration which affects the quality of pig iron 
is the character of ore from which it has been produced. Some ores 
contain little phosphorus, while others carry much more of this con- 
stituent. Some ores, again, are more silicious or sulphurous than 
others, while some contain more manganese. With normal furnace 
working the proportion of the elements which enter into the com- 
position of the iron naturally varies largely with the amount 
originally present in the ore. 

There are in various parts of the world large mineral deposits, 
rich in iron, which cannot be utilised for iron manufacture. As 
examples of these may be mentioned deposits of pyrites, the pro- 
portion of sulphur in which renders such ores quite unsuitable for 
iron making. Another familiar example is seen in the basaltic 
rocks, which, though often rich in iron, contain this element in the 
form of a silicate, which is difiicult to reduce on the large scale. In 
view of the cost of equipment and the enormous output of modem 
plants, the deposits, to be valuable to the iron smelter, must be 
of very considerable magnitude. The ore must also be rich in 
metallic iron, free from any excess of injurious impurities, and 
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easily reducible in the blast furnace. The materials which satisfy 
these conditions may be grouped under two heads : — 

(1) Oxides of Iron. 

(2) Carbonates of Iron. 

The oxides include a considerable variety of ores which are known 
either as magnetites or hematites; while the carbonates include 
spathic ores and clay iron-stones. 

Oxides of Iron. 

The oxides of iron may be conveniently divided into two classes : — 

(1) Anhydrous Oxides, which consist of oxide of iron associated 

with what may be regarded as merely accidental impurities 
or gangue. These ores are known as magnetites and red 
hematites. 

(2) Hydrated Oxides, in which the oxide of iron is associated with 

more or less combined water in addition to the mineral 
gangue. These ores include various forms of reddish and 
brown hematite. 

Magnetites consist essentially of magnetic oxide of iron, the 
formula for which is FcgO^, and if perfectly pure this would contain 
72*4 per cent, of metallic iron. It is widely distributed, and has been 
worked from the very earliest periods. It occurs in two chief forms 
— in the massive cojadition, and in the finely divided state. 

Massive magnetite is mined in the North of Europe and in the Lake 
Superior district. In the finely divided condition it occurs on the 
surfaces of older deposits, and as sands in various parts of the world. 
The enormous deposits of iron ore in the Mesabi^ range are now 
the most important single source of supply in the whole world. In 
this region, the magnetic ore is so soft that it can be readily removed 
with steam shovels, by which it is placed in steel hopper cars, each 
of which holds about fifty tons (see fig. 1). It is then transported in 
specially constructed steamers across the great lakes, and reloaded 
on waggons, by a mechanical hoisting apparatus, to be taken for 
smelting to Pittsburg, or elsewhere, as required. These deposits 
were only opened up in 1894. But the ease with which they can be 
mined, their extent, and their easy reducibility, are such that the 

^ This is sometimes spelled Mesaba. It appears there are at least twenty-five 
ways of spelling this name, and it is questionable which of these is nearest to the 
original Indian pronunciation. 
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present output is nearly 10,000,000 tons per annum, or something 
like three-fourths of the total supply of the Lake Superior district, 
and there is every reason to believe that the deposits are of such 
magnitude as to ensure an ample supply of ore for generations to 
come. 

Red Hematite consists essentially of ferric oxide (FcgOg), and, 
when pure, contains 70 per cent, of metallic iron. It is usually red 
in colour, though denser varieties are sometimes very dark, but they 
all possess a red streak, and form a red powder if crushed in a 
mortar. These ores, on account of their freedom from phosphorus, 
were formerly the chief source of supply for Bessemer purposes. In 
the United Kingdom they occur chiefly in the Cumberland district. 




Fig. 1. — Steam Shovel digging iron ore, Mesabi district, Minn., U.S.A. 

The red hematites of the United States are less pure than those of 
Cumberland, and are now relatively less important, owing to the 
extended use of magnetites in recent years. 



Hydrated Oxides. 

Brown hematites, as obtained from Spain, are generally of special 
purity, while those of the United Kingdom and of the rest of Europe 
are usually phosphoric. 

The proportion of water which may be present in hydrated oxides 
of iron varies considerably, being lowest in the reddish-brown 
hematite, or rubio ores, which are largely imported from Spain. 
An intermediate amount is met with in ordinary brown hematites, 
such as occur in Northamptonshire and in the Rhenish provinces ; 
while the highest proportion occurs in the bog or lake ores, used to 
a moderate extent in Sweden and elsewhere. 
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Carbonates. 



These ores consist chiefly of ferrous carbonate (FeCOg), which, 
when perfectly pure, contains 48 J per cent, of metallic iron. It 
occurs, usually associated with carbonate of manganese, in consider- 
able quantities in Styria, where it has been worked from the earliest 
historical periods. 

In the United Kingdom two forms of impure carbonates are used. 
The first is the clay ironstone of the coal measures, which occurs in 
West Yorkshire, Staffordshire, and South Wales. From this class of 
ore is made some of the best forge and foundry iron that the world 
produces, but unfortunately the supply is relatively small. The 
other variety is the Cleveland Ironstone, which occurs in the N.E. 
of England, and is met with in the Lias formation. The 
deposits are of considerable magnitude, and the ore is of uniform 
quality, the percentage of metallic iron being, however, lower than 
in any of the ores previously considered, while it is also phosphoric. 
A special variety of clay iron stone which is impregnated with more 
or less carbonaceous matter is known as "blackband,'' and this is 
worked in the West of Scotland, and in North Staffordshire. 

The table on page 12 will illustrate the chemical composition of the 
chief ores which have been enumerated above. 

From these figures it will be seen that there are great differences 
in the composition of typical ores. These variations arise from the 
proportion and state of oxidation of the iron; the amount of 
manganese — which affects the hardness and crystalline character of 
the product; the phosphorus — which affects its strength; and the 
volatile portion, consisting of water and carbon dioxide — the amount 
of which determines the preliminary treatment which may be 
necessary before the ore is smelted in the blast furnace. 

The impurities which are thus present in iron ores may con- 
veniently be divided into three kinds : — 

(1) Those which are volatile, and can be more or less completely 

removed by calcination, — e.g., water, carbon dioxide, sulphur. 

(2) Those which are not volatile, but which can be removed in the 

slags during smelting — e.g., silica and alumina. 

(3) Those which cannot be removed either by calcination or in the 

slag, and the whole of which therefore pass into the pig iron. 
Of these the most important is phosphorus. The following 
table illustrates the approximate proportion of phosphorus 
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which is met with in pig iron smelted from the ores named. 
It is well for the founder to remember that, generally 
speaking, the phosphorus content of pig iron made from a 
certain ore, or ore mixture, is approximately constant, 
although there may be considerable variations in the pro- 
portion of other elements present. 



Phosphorus present in Fig Iroa 

I. From Non-Phosphoric Ores, 

Phosphorus per cent, in 
the Pig Iron. 

Swedish Magnetites 0*01 - 0-06 

Cumberland Hematite . . . . 0*04 - 0*06 

Spanish Hematite 0*04 - 0*06 

Forest of Dean Hematite 0*07 

Lake Superior Magnetites 0*08 



II. From Moderately Phosphoric Ores. 



Purple ore .... 

Lake Superior Magnetites . 

South Staffordshire Clay Iron Stone 

Leicestershire Brown Hematite . 

Scotch Blackband 

American Red Fossil (Alabama) . 

North Staffordshire Blackband . 



. 0-10 
. 0-15 
0-40 -0-60 
. 0-60 
. 0-60 
. 0-65 
0-80 -1-00 



III. From Phosphoric Ores, etc, 

Rhenish Brown Hematites . 

Northamptonshire Brown Hematites 

Derbyshire 

Cleveland . 

Lake and Bog Ores . 

Staffordshire Part Mine 

Cinder Pig 



about 1-00 
1-00 -1-50 
1-30- 1-50 
MO- 1-75 

about 2-00 
1-00- 2-00 

up to 3-50 



Preparation of Ores. 

In many districts the material as extracted from the mine has to 
pass through a preliminary treatment before it can be employed in 
the blast furnace. Such operations may, in exceptional cases, include 
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washing, to separate the ore from lighter earthy impurities. With 
dense ores, like massive magnetite, sizing is sometimes necessary ; 
while material which is rich in sulphur, in the form of iron pyrites, 
is usually exposed to the weather for some months, so that by the 
absorption of oxygen from the air, the pyrites may be converted into 
ferrous sulphate, which is washed out by the falling rain. 

Clay ironstones are also frequently weathered, so that, by the 
action of moisture and frosts, the associated shaly matter dis- 
integrates and crumbles away from the harder lumps of good ore. 

A special method of preparation of magnetic ores containing 
phosphorus is also adopted on a considerable scale. In this case the 
ore is first crushed to a powder and then passed through a magnetic 
concentrator, which divides the material into two streams, one being 
magnetic oxide of iron, while the other contains the greater part of 
the associated gangue and of the phosphoric acid. By this process 
it is possible to make iron of Bessemer quality from relatively 
inferior ores. Though magnetic concentration is conducted on a 
very large scale in America at the present time, the process has not 
made the progress that appeared probable a few years ago. This is 
owing to the discovery of other deposits of considerable purity, which 
are so soft as to be readily and very economically worked. The 
magnetites of Norway and Sweden are, however, now being magneti- 
cally treated, and it is hoped by this means to provide a considerable 
addition to the available supply of the Bessemer ores of Europe. 

Calcination. 

Until the end of the nineteenth century much the greater part of 
the iron ore which was smelted was first calcined, but the enormous 
increase in the amoimt of soft magnetite obtained from the Lake 
Superior district has rendered calcination relatively much less 
important than was previously the case. But as the majority of 
the ores used in the United Kingdom are still calcined, some 
reference must be made to this important preliminary operation. 
The objects of calcination are : — 

(1) By the removal of carbon dioxide, water, carbonaceous matter 
and other volatile or combustible substances, to concentrate 
the ore so as to lessen the cost of transport, and to enable 
the process of reduction in the blast furnace to proceed more 
regularly. 
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(2) To as far as possible eliminate the sulphur from the ore. 

(3) To convert any ferrous oxide which may be present into ferric 

oxide, so as to prevent the fonnation of " scouring " slags due 

to imperfect reduction in the blast furnace. 
The method adopted for calcining varies, partly accoi*ding to the 
locality, and chiefly according to the kind of ore which has to be 
treated. Brown Hematites already contain ferric oxide and are 
calcined merely to eliminate combined water. They are usually 
treated in heaps, more or less enclosed by walls, in the neighbourhood 




Fig. 2. — Calcining Black- Band Ironstone in Open Heaps in North Staffordshire. 

of the mine or open workings from which they are extracted. The 
ore is mixed with about 10 per cent, of its weight of rough slack, 
and combustion, when started at one end of the heap, gi'adually 
proceeds through the mass until the whole is dry, and its colour is 
changed from brown to red. 

Blackbands contain sufficient carbonaceous matter to enable them 
to be calcined without any additional fuel. They are usually stacked 
in open heaps in the neighbourhood of the mine, such heaps being 
about thirty yards long, eight yards wide, and about six feet high. 
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During calcination the ore decreases considerably in volume, owing 
to the elimination of the carbonaceous matter and of the carbon 
dioxide originally present in the ore. The change in bulk is readily 
seen in the accompanying illustration (fig. 2), which shows the method 
of calcination adopted in North Staffordshire. Combustion is in 
progress in the middle of the heap. The portion behind the man has 



t jm-j ^ 
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Fig. 3. — Cleveland Calciner. 

not yet become ignited ; while, on the other side, roasting is com- 
pleted, and the bulk considerably diminished. 

Clay ironstones and other carbonate ores are now almost invariably 
calcined in kilns, as when so conducted the process is much more 
under control, while the cost for labour, fuel, and space is considerably 
lessened. The form of kiln most commonly adopted is that known 
as the Cleveland calciner, which is illustrated in fig. 3. The floor of 
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the kiln is covered with cast-iron plates (c), on the centre of which 
is fixed a cast-iron cone (d), about 8 feet high, with a base 8 feet 
in diameter ; the object of this is to cause the descending materials 
to pass outward, and so to assist in the regular descent of the charge. 
A number of short cast-iron columns (/>), rest upon the bottom plates, 
and support a cast-iron ring (a), upon which the kiln itself rests. The 
ore and fuel are brought in trucks running on the two lines of rails 
shown at the top of the calciner, and the trucks are arranged to allow 
of the materials readily falling out when the bottom of the truck is 
released. In the lower row of plates are a number of openings {/), 
to which are attached doors by means of which the draught can be 
regulated and any obstruction removed in case of irregular working. 

Such a calciner is capable of dealing with about 1,000 tons of ore 
weekly, and consumes about 1 cwt. of coal, in the form of rough 
slack, per ton of ore. 

The ore having been thus prepared, or being, as previously 
explained, in many cases already in a suitable condition, has now to 
be smelted in the blast furnace for the production of pig iron. 

General Arrangement of Blast Furnace Plants. 

On account of the enormous scale on which modem smelting 
operations are conducted, a site of considerable area is necessary for 
the proper laying out of a blast furnace plant. The ground should 
be, as far as possible, level, and should also be firm, so as to allow 
of good foundations, while a locality should be chosen which is 
advantageously placed for obtaining supplies of ore and fuel, and 
for the distribution of the product when made. With a view to 
ensuring these advantages there is a growing tendency in the United 
Kingdom for blast furnace plants to be erected near to the sea coast, 
so as to save railway carriage. 

In the United States the blast furnace plants are, generally 
speaking, erected near to the fuel supply, while in Germany the 
chief works are in the neighbourhood of the Rhine; the object 
being in each case the same — to reduce the cost of transportation. 

In addition to the space required for the ordinary smelting opera- 
tions it is advisable to provide sufficient room for the storage of 
stocks, in order to meet any difficulty due to a temporary stoppage 
of supplies. In those American works which depend upon Lake 
Superior ores, specially large stock-yards are provided, as the great 

2 
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lakes are frozen for five months each year, and sufficient ore must 
be stored during the summer to supply the furnaces throughout the 
winter. Hence stock-yards capable of storing hundreds of thousands 
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of tons of iron ore are provided, and the ore is stocked in these by 
special unloading and distributing appliances, worked by large over- 
head traversing cranes or tramways. 
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. The general arrangement of a blast furnace plant in the Cleveland 
district is shown in fig. 4. The ore to be treated is brought into the 
works by the mineral sidings shown, and passes by means of the 
hoist to the top of the calciners, five of which are shown in the plan. 
The waggons, when emptied, pass away by means of the drop, 
while the ore after passing through the calciner is taken to the blast 
furnaces, three of which are shown in the illustration. In connection 
with each blast furnace are two hot-blast stoves for heating the air 
which is supplied by the blast engine situated in the engine-house. 
The iron produced by the blast furnace is cast in pig beds in front 
of the furnace, and is carried away on the lines of rails shown, while 
the slag is disposed of by a machine by which it is granulate^, and 
in this form it is now generally used for ballast or for the production 
of slag cement. 

In this plant the fuel used is coke, but in some cases raw coal is 
employed, and it is then found advantageous to provide a condensing 
and washing plant, so as to extract the ammonia and tar from the 
gases before they are used for firing the boilers. Plants for dealing 
with part of the gases from coke furnaces are coming into pretty 
general use, as the gases when collected and cleaned can, without 
difficulty, be used in gas engines for supplying blast or for many 
other purposes around the works. 

In fig. 5 is given a section of the fairly typical arrangement of a portion 
of a Southern American blast furnace plant erected about 1890. It 
will be seen that the furnace is of what is called the cupola type, having 
comparatively thin walls which are steeply inclined, and that it is 
provided at the top with a cup and cone charging arrangement so 
as to allow of the collection of the gases, which are taken to the 
stores and boilers by means of the wide pipe or downcomer, to the 
bottom of which a dust catcher is attached. To each furnace three 
fire-brick stoves with separate chimneys are provided. The blast is 
conducted from the stoves to the furnace by means of the blast pipe 
shown, and enters the furnace through twyers placed around the 
hearth, while water blocks are introduced in the inclined sides or 
boshes of the furnace in order that the lining may be kept cool and 
the shape preserved. In this plant the stock-yard and pig-beds are 
covered, while the waste gases from the furnace are conducted along 
an underground flue. It will be noted that no calciners are provided 
in this plant. 

The general arrangement of a modem American blast furnace 
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plant of considerable size will be understood by reference to the 
plan of the celebrated Edgar Thompson Works, near Pittsburg, 
Pa., which is. given in fig. 6. This plant includes nine blast 
furnaces, and in addition, two other furnaces have been recently 
erected on an adjoining piece of land, not included in this plan. 
The furnaces are known by the letters from A to I, and with the 
exception of A, which makes spiegel, and consequently has a smaller 
output, they all produce pig iron of Bessemer quality. The furnaces 
are arranged in pairs, each pair being provided with separate boilers, 
while there is a separate blowing engine to each furnace. As the 




Fig. 5. — Section of Blast Furnace, Alabama, U.S.A. 

ore used is chiefly obtained from the Lake Superior district, and is 
rich and free from moisture and carbon dioxide, calciners are not 
required, but large stock-yards are provided. Suitable hoisting 
arrangements and railways are arranged for handling the ore, and 
for dealing with the pig iron and slag produced by the furnaces. 

Although it has been possible in this brief survey only to give a 
very general outline of the sources of supply and properties of iron 
ores, and of the arrangements of a modem iron works, it is hoped that 
sufficient has been said to render intelligible the somewhat more 
detailed description of the process of iron smelting, which will form 
the chief part of the subject-matter of the second lecture. 
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LECTURE 11. 

The Blast Furnace. 

In the previous lecture an account was given of the sources of 
supply of the chief iron ores, together with an outline of the general 
arrangement of a blast furnace plant. We have now to consider 
somewhat more in detail the methods adopted by the iron smelter 
for the production of pig iron for foundry use and other purposes. 
The internal shape and construction of an ordinary Cleveland 
blast furnace is shown in fig. 7, which is taken from a paper by Sir 
B. Samuelson.^ The furnace consists of a large cylinder made of 
plates of wrought iron or mild steel, and rivetted together so as 
to form an outer shell which rests on a ring, which in turn is 
supported on cast-iron pillars. The outer shell is lined with fire- 
brick slabs, while the furnace is closed at the top with a cup and 
cone arrangement to allow of the withdrawal of the waste gases by 
means of a downcomer not shown in the fig. The upper part of the 
interior of the furnace is called the throat. Passing downwards 
from it, through the main portion or body of the furnace, we come 
to the inclined sides or boshes, and thence to the hearth where 
fusion takes place, and at the bottom of which the metal 
accumulates beneath a layer of molten slag. Such a furnace would 
be about 85 ft. high, and have an internal capacity of 30,000 cubic 
feet and a maximum diameter at the boshes of 28 ft. and at the 
hearth of about 8 ft. The blast enters through six twyers at a temper- 
ature of about 1,450° F., and a pressure of some 5 to 7 lbs. on the 
square inch. The output of such a furnace would not much exceed 
500 tons of grey pig iron per week, while 750 tons of slag would also 
be obtained. The ore used in its original state contains only about 

* /. and S, Inst, Jour., 1887, vol. i. p. 91. 
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30 per cent, of metallic iron, and is calcined before being used in the 
blast furnace. On account of the relatively low iron content of 



Fig. 7.— Section of Cleveland Blast Furnace. 

ore which is employed, the capacity of the furnace is larger, while 
the output is smaller than is the case when treating richer ores and 
employing higher blast pressure. 
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In addition to the ore it is necessary to add fuel to the blast 
furnace charge to act as a reducing agent, and to develop the 
necessary temperature; and a flux is also required in order to 
combine with the impurities of the ore, and to form fluid slag. 
The fuel used is generally hard coke, though sometimes raw coal or 
a mixture of coal and coke is employed. The consumption of fuel 
in Western Pennsylvania is from 17 to 20 cwt. of Connellesville 
coke, while in Cleveland about 20 cwt. of hard Durham coke is 
employed, and in North Staffordshire some 28 cwt. of raw coal is 
required per ton of pig iron smelted. The flux used is almost 
invariably limestone, though occasionally quick-lime is used instead 
of limestone, and in exceptional cases some aluminous material, or 
even old blast furnace slag, is added so as to assist in the regular 
working of the furnace. 

The balance sheet of a Cleveland furnace producing No. 3 grey 
foundry iron is approximately as follows : — 



Charge. 




Product. 


Calcined Ironstone, 


48 cwt. 


No. 3 Pig, 20 cwt. 


Limestone, 


12 „ 


Slag, 30 „ 


Durham Coke, 


20 „ 


Waste Gases, 130 „ 


Hot Blast, 


100 „ 





180 cwt. 180 cwt. 

An examination of the above figures will reveal the remarkable 
fact that the weight of air forced into the furnace is more than half 
the total weight of all the materials employed ; while the waste gases 
constitute more than two-thirds of the product. As these waste gases 
have a considerable calorific value, and are produced in quantities 
more than sufficient to drive and heat the blast, much attention has 
been devoted in recent years to their utilization as a source of power 
in or around the iron works. 

The solid materials passing down through the furnace travel much 
more slowly than the blast which travels upward. The relative 
speed will vary according to the blast pressure and the character of 
ore which is being treated, but it may be taken that the gases pass 
upward through the furnace at a speed which is about four thousand 
times as great as that of the solid materials which are descending. 
The cold materials which enter at the top, in their descent lower the 
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temperature of the ascending gases, with the result that there is a 
considerable amount of regenerative action in the furnace, and this 
effect contributes largely to an economical production. The heat 
which is required for reducing the ore and melting the metal and 
slag, together with the additional heat obtained by the utilization of 
the waste gases, accounts for the profitable employment of about 
75 per cent, of the calorific power which is theoretically available, a 
result which is obtained in no other manufacturing operation 
conducted on a large scale. The efficiency of a regenerative 
reverberatory tumsice seldom reaches 20 per cent., while it has been 
shown by Colonel Cubillo, that the efficiency of the puddling furnace 
is only about 3 per cent, of that theoretically possible, while the 
wind furnace employed for melting metal in crucibles is still less 
efl&cient. The extraordinary efficiency of the blast furnace has led 
to its adoption for the preparation of cast iron, as the first step in 
all the important processes for the production of iron and steel, and 
at present there appears to be little likelihood of the blast furnace 
being superseded by any other appliance. 

Reactions of the Blast Furnace. 

As direct methods of observation are impossible, other methods 
have been adopted with the object of ascertaining, as far as possible, 
the progress of the reduction and the nature of the chemical changes 
which take place. Among these may be mentioned the classical 
researches of Bunsen and Playfair, who studied the composition of 
blast furnace gases, at different heights, by inserting a tube into the 
furnace and collecting the combustible products obtained. Refer- 
ence should be made also to the experiments of Ebelmen and of 
Tunner, who enclosed the materials to be examined in a strong iron 
box, which was constructed so as to be permeable to the furnace 
gases, and was then allowed to descend with the charge into the 
furnace to the desired depth, when it was withdrawn by means of 
chains and the materials were examined. 

A comparison of these results with those obtained by Sir Lowthian 
Bell in his studies of the changes which take place during the 
reduction of Cleveland ironstone, enables us to see that the character 
of the reduction varies somewhat according to the nature of the ore 
and the kind of fuel which is employed ; the reduction being nearly 
complete in a Cleveland furnace by the time the charge has 
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descended through the first quarter of the height, while, when 
charcoal is the fuel used in the furnace, reduction takes place at a 
relatively higher temperature, and the charge descends about half 
way down the furnace before any considerable reduction begins. 

As the Cleveland furnace is usually considerably higher than one 
employing charcoal as fuel, it follows that the zone of principal 
reduction is usually about 60 ft. above the bottom of the hearth in 
a Cleveland furnace, but only about 20 ft. high in a charcoal furnace ; 
hence the period of heat interception is much longer in a Cleveland 
than in a charcoal furnace. The fuel consumption is, however, slightly 
less, and the proportion of carbon dioxide in the gases distinctly 
greater in the charcoal furnace, results which are no doubt connected 
with the nature of the reaction, and the position in the furnace where 
the principal reduction occurs. 

The reactions which take place in a coke blast furnace may be 
conveniently divided into two classes ; first, those which are essential 
for the production of heat and the reduction of the ore ; and, 
secondly, those which are more or less variable or accidental, 
according to the particular materials which may be employed, or the 
special product which is desired. 

The first class of reactions are exothermic, or heat-producing, and 
in their simplest form may be divided into two portions and repre- 
sented as follows : — 

(1) When the heated air enters the blast furnace it is immediately 
converted into carbon monoxide, the reaction being 

2C + O2 = 2 CO. 

It is worthy of note that the reaction thus taking place in 
the hearth of the blast furnace is quite different from that 
with which we are familiar in a gas producer, a cupola, or 
an ordinary fire. In these cases the carbon is first burned 
to form carbon dioxide, and this after it is formed reacts 
with more carbon to produce carbon monoxide, thus — 

C + O2 = COaandCOg + C = 2 CO ; 

but while carbon when burned at a comparatively low 
temperature produces carbon dioxide, the condition is altered 
when the temperature is raised, since carbon dioxide is 
dissociated at a high temperature with the production of 
carbon monoxide and oxygen. 
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In blast furnaces using cold blast, or air which has been 
heated only to a moderate temperature, the zone of com- 
bustion extends for a considerable distance in front and 
above the twyers; but it has been shown experimentally 
that in a coke blast furnace using blast heated with fire- 
brick stoves, no free oxygen can be detected in the gases at 
a height of only two feet above the twyers. When the 
enormous volume of air under high pressure which is intro- 
duced into the furnace is borne in mind, it may well be a 
matter for surprise that the combustion of the oxygen 
should be so complete; but it is evident that when the 
temperature of the hearth is sufl&ciently high, the pro- 
duction of carbon monoxide is practically instantaneous. 
(2) The other important exothermic reaction takes place near the 
top of the furnace, and the heat thus generated is much less 
in amount than that produced in the hearth. The carbon 
monoxide now reacts upon the ferric oxide in the ore, with the 
production of carbon dioxide and metallic iron ; but since it 
is found that in order to carry on the reduction satis- 
factorily it is necessary to have in the issuing gases at 
least two volumes of carbon monoxide to one volume of 
carbon dioxide, the equation may for convenience be written 
as follows — 

FcgOg -f 3 CO + 6 CO = Fcg + 3 CO2 + 6 CO, 

in which the excess of carbon monoxide required is repre- 
sented on both sides of the equation. 
The second class of reactions are more numerous and are all 
endothermic, or heat absorbing. As already explained, they vary in 
character and amount according to local circumstances ; they include 
the decomposition of limestone and the formation of slags, the heat 
absorbed in which will vary, in the first case, according as to whether 
free lime or limestone is employed, and in the second, with the pro- 
portion of gangue. A reaction known as carbon impregnation also 
takes place during the descent of the charge in the furnace ; by this a 
certain proportion of the carbon monoxide of the ascending gases is de- 
composed in contact with metallic iron, with the formation of ferrous 
oxide, and the deposition of finely divided carbon in the mass. As 
the temperature increases in the upper part of the zone of fusion, the 
ferrous oxide is reduced with the liberation of carbon monoxide, which 
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passing upward leads to the addition of an appreciable amount of 
combined oxygen to the issuing gases. Other reactions which are 
endothermic and variable in amount, are those which are connected 
with the reduction of such proportions of silicon, phosphorus, sulphur, 
manganese or other elements as are foimd in the pig iron. It may 
be noted here that grey pig iron usually contains more silicon, and 
not unfrequently more carbon, than white iron ; and as the reduction 
of silicon is an endothermic one, it naturally follows that the propor- 
tion of fuel required to produce grey iron is somewhat greater than 
that necessary to make a white pig. It was first observed by Bimsen 
and Playfair in 1845, and has since been confirmed by other observers, 
that there is a considerable proportion of potassium cyanide present 
in the gas in the lower portion of the furnace, and it is believed that 
this cyanide accumulates in the furnace and exerts a not inconsider- 
able influence in assisting the final reduction, but the relative 
importance of the cyanide reaction is at present undetermined. 

Charging the Blast Furnace. 

The early forms of blast furnace were frequently built against a 
bank of earth so as to allow of the material being conveniently 
wheeled in hand barrows and emptied into the furnace ; but as the 
production increased such primitive methods were gradually replaced 
by the use of inclined planes worked by steam engines, or later by 
lifts and hoists of various forms, actuated either by steam, compressed 
air, hydraulic power, or more recently by electricity. In all such 
cases the materials are brought from the lift to the furnace top in 
hand barrows and emptied into the furnace by manual labour. 
But the enormously increased output of modem times, amounting 
now to close upon iiYe thousand tons per week from a single furnace, 
has caused any method of charging by hand barrows to be inadequate 
and inconvenient, and automatic charging appliances have in con- 
sequence been introduced. The first plant of this kind was erected 
in the Duquesne works, near Pittsburg, in 1896, and I had an 
opportunity of seeing it in operation in 1902; with modifications 
in detail the improY.ement is being^ introduced into the larger iron 
works. A cross section of the blast furnace plant at Duquesne is 
given in fig. 8. This is taken from a paper read by Mr Head 
before the S. Staffordshire Iron and Steel Institute in March 1898, 
and illustrates the handling of the ore from the car to the stock-yard, 
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and from the stock-yard, or from the car direct, as required, to the 
bottom of the automatic charging apparatus, and hence into the 
furnace top. The usual form of automatic charging apparatus as at 
present employed consists of a double line of steeply inclined rails, 
supported on a frame work of rivetted steel, and passing from the 
charging hoppers on the ground level to a suitable position above the 
furnace top. On these lines run two skips made of steel plates, and 
arranged so that the descent of one skip serves to counterbalance 
the ascending weight of the other, so that only the weight of the load 
has to be raised. By an apparatus of this kind, electrically driven, 




Fig. 8. — Section showing method of handling ore at Blast Furnaces, 
Duquesne, Pittsburg, Pa. 

it is possible for one man remaining at the bottom of the furnace to 
charge the whole of the materials necessary for the i)roduction of the 
large output of a modern furnace. In order to allow of the gas 
being collected and utilized as usual, it is foimd necessary with an 
automatic charging apparatus to provide a double cup and cone 
arrangement, as shown in fig. 9. 



The Blast used in the Blast Furnace. 

The air used for the combustion of the fuel in the blast furnace 
was originally supplied by means of bellows worked by manual 
labour, and simple appliances of this kind are still used in India and 
elsewhere. Such simple forms of apparatus were gradually replaced 
by larger bellows driven by water power, and subsequently by the 
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steam engine. For many years beam engines were used for this 




Fio. 9.— Modern American Blast Furnace, showing automatic charging apparatus 
and double cup and cone. 

purpose. Modem blowing engines now, however, are of two princi- 
pal types — vertical and horizontal. A pair of vertical direct acting 

3 
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blast engines with fly-wheel are represented in fig. 10. Later forms 
of engines of this type have two cylinders, so as to allow of 
expansive working, and it is customary in American practice to 




Fig. 10. —Vertical Direct-acting Blast Engine (Half Section). 

provide a pair of such engines for each blast furnace. Horizontal 
gas engines are now made capable of generating upwards of 1,000 
horse-power for the purpose of compressing air for use in the blast 
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furnace, and of these a number are in use in the United Kingdom 
and Germany. 

The blast is now almost universally heated in fire-brick regenera- 
tive stoves, of which two patterns are well known — the Cowper and 
Whitwell ; but there are many variations of the fundamental princi- 
ples involved. The general arrangement of a blast furnace supplied 
with a pair of Cowper stoves is shown in fig. 11, from which it will 
be seen that each stove consists of a shell of wrought iron or steel 
plates, some 65 ft. high, with a dome-shaped roof, and with a 
circular flue extending from the bottom to the top, while the rest 
of the cylinder is filled with fire-bricks. The stoves are used alter- 




FiG. 11. — Furnace with Cowper's Hot Blast Stoves. Scale about 40 feet 
to an inch. 



nately, the waste gases being burned in one stove, to heat the brick- 
work, while the cold air is being passed through the other stove, in 
the reverse direction, so as to heat the blast. From the stoves the 
air is conveyed through blast mains lined with fire-brick to the 
twyers by which it enters the furnace. So long as cold blast was 
employed these twyers were of iron and were provided with sheet iron 
nozzles ; but with increased blast temperature it was found that iron 
twyers bum away very rapidly. Water-cooled twyers were there- 
fore universally adopted. In American practice bronze water-cooled 
twyers are found to give excellent results, as they require but little 
repair or attention. In the United Kingdom, either Scotch twyers, 
which consist of coiled wrought iron pipes, embedded in a conical 
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pipe of cast iron, or water-cooled open twyers, which were first 
introduced by F. H. Lloyd in 1876, are generally used (see fig. 12). 
Recently, suction twyers have been adopted by Mr Foster of Darl- 
aston (Stafife.), and these are stated to last longer and to give less 
trouble than the ordinary type.^ The water for cooling these twyers 
is drawn by suction, instead of being forced under pressure, with the 
result that any leakage can be more quickly perceived, while leaks 
are frequently filled up and stopped by particles of slag and other 




Fig. 12.— Water-cooled Open Twyer. 

matter drawn from the interior of the furriace by the suction em- 
ployed. 

Tapping. 

From what has been before said it will be seen that the whole of 
the material which is introduced into the blast furnace in the solid 
state is removed as a fluid, — either as gas in the form of an addition 
to the weight and volume of the blast passing through the furnace, 
or as molten slag or iron at the bottom of the hearth. Under ordi- 
nary working conditions, no solid material is taken from the blast 
furnace. As the metal and slag trickle down together into the 
hearth they separate, on account of their difference in density, the 

1 /. <fc S. Inst. Jour., 1902, vol. i. p, 79. 
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lighter slag floating on the surface of the heavier iron. This proceeds 
until the slag reaches a predetermined height, when it is either 
tapped off from time to time or, more usually, allowed to flow off" 
continuously through a water-cooled cinder hole. The iron still 
continues to accumulate in the hearth, and it is either tapped off", as 
required, if molten metal is employed, or, at regular intervals, if it is 
cast into pigs in the sand bed. The latter is the more usual practice. 

Products of the Blast Furnace. 

The three fluid products of the blast furnace, viz., the gaseous 
eflB.uent from the top of the furnace, the slag and the metal 
obtained in the hearth, may now be conveniently considered in 
order. 

I. Though the gases which pass off" from the top of the blast 
furnace are commonly called " waste " gases, such a title is becoming 
more a misnomer every year. They were originally allowed to bum 
to waste at the furnace top, but experiments were made as early 
as 1814, with the object of utilizing some of the heat. In 1845, 
Bunsen and Playfair called attention, to the high calorific value of 
blast furnace gases, and in the same year J. P. Budd obtained a 
patent for heating the blast in stoves by means of the combustion of 
waste gas. Budd was so successful and far-seeing that he antici- 
pated what has been regarded in some quarters recently as quite 
a novel idea, when in 1848 he wrote as follows : — " It would appear 
to be more profitable to employ a blast furnace, if as a gas generator 
only, even if you smelted nothing in it, and carried off its heated 
vapours by flues to your boilers and stoves, than to employ a 
separate fire to each." 

The increased economy of modem engines and stoves has 
permitted the whole of the boilers to be fired and the blast to be 
heated by the combustion of the waste gases from the furnace ; and, 
particularly when raw coal is used, there is frequently a considerable 
surplus available for other purposes. The gases from raw coal, if 
cooled, yield ammonia equivalent to about 30 lbs. of commercial 
sulphate per ton of coal used. The value of this more than pays for 
the cost of its extraction. Such gases, when properly freed from 
dust, are admirably suited for generating power in gas engines. The 
gases are, in actual practice, constantly varying in composition, but 
the following analyses may be regarded as fairly typical of their 
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composition by volume, with the three kinds of fuel generallj 
employed : 





Fuel Used. 


1 
Coke. 1 Charcoal. 


Bituminous 
Coal. 


Carbon monoxide (CO), 
Carbon dioxide (COj), . 
Nitrogen, .... 
Hydrogen, .... 
Marsh gas, .... 


25 19-5 

12 , 12-5 

59 ' 63-5 

2 1 2-5 

2 1 2 


28-0 
8-6 

53-5 
5-5 

4-4 



II. The slag or "cinder" obtained in iron smelting is usually 
about equal in weight to the metal made, the variation being from 
about 15 cwt. to 30 cwt. of slag per ton of pig iron. The slag 
consists essentially of a double silicate of alumina and lime, together 
with more or less excess of free lime, the object of the latter being 
the removal of the sulphur from the charge so as to obtain a grey 
pig suitable for foundry purposes. Slags obtained when making a 
strong or forge iron are usually themselves strong and compact, and 
are suitable for road-making, ballasting, and similar purposes; but 
blast furnace cinders obtained when making an open grain or 
foundry iron are sometimes so rich in lime as to spontaneously fall 
to pieces by slaking in the air after a brief exposure. Unsightly 
heaps of slag in various parts of the country bear testimony to th& 
fact that the definition of slag as " the smelters' refuse," which wa» 
formerly adopted in metallurgical text-books, was at that time correct. 
So many applications have in recent years been found for this, 
material, however, that, in the United Kingdom at any rate, the 
tendency would appear to be rather for the heaps to diminish than 
to increase. Among the chief uses may be mentioned, reclaiming of 
waste land ; erection of sea walls and breakwaters ; road-making (where 
the traffic is not heavy) ; production of slag cement, slag bricks and slag 
wool ; for railway ballasting ; for filter beds for sewage treatment ; 
and for various other purposes. The number of applications which 
have been suggested, or which are in actual operation .in connection, 
with the various bye-products of the iron smelter, have also in recent 
years become so important that there are not wanting enthusiasts. 
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who predict that, before long, the tables will be turned, and the 
combustible gases, the chemical products, and the slag will be the 
main sources of income, while the cast iron obtained will itself 
become the bye-product. 

III. Turning now to this remaining product of the blast furnace, 
in which the iron-fotmder is more particularly interested ; — the 
molten metal which accumulates in the bottom of the hearth is, as 
already mentioned, sometimes tapped off into ladles for use in the 
fluid state in the steel works, or for foundry purposes, if there is a 
foundry attached to the furnace. The more usual plan, however, 
is to run the metal into pigs in sand moulds, made in a pig-bed in 
front of the furnace. Pig-beds in the United Kingdom are usually in 
the open, but in the United States they are generally covered with a 
light roof, though open at the sides. In modern works, where there 




Fig. 13.— Section through the Moulds of the Uehling Pig Iron Casting Machine. 



is a large output, it has been found advantageous to employ casting 
machines for dealing with the slag and pig iron respectively. Of 
these machines at least three kinds have met with some amount of 
success, but the form which is best known is that introduced by 
Uehling. It consists of a series of iron moulds, a cross section of 
which is shown in fig. 13. These moulds are arranged side by 
side, and are actuated in such a manner as to produce the effect 
of a continuously revolving band or belt, the upper stretch of 
which conveys the metal from the receiving to the discharging 
end. The fluid metal is tapped from the furnace into ladles, from 
which it is poured into the moulds, after these have been coated 
with a thin layer of refractory material. During its onward 
passage in the mould the metal is water cooled, and is ultimately 
discharged into trucks from the upper extremity of the revolving 
band, just as the moulds are in the act of passing over the end 
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wheel of the machine and beginning their downward and backward 
journey.^ 

Pig iron cast in sand always retains a certain amount of sand upon 
its surface, and an allowance for this is made by the seller. The 
amount of sand, however, varies very much according to circumstances, 
and the sand, when introduced into the cupola, leads to the use of 
more flux and more fuel ; so that, other things equal, pig-iron cast 
in machines is to be preferred to that which has been cast in sand. 
On account of the closeness of grain of machine cast iron, such metal 
is looked upon with some suspicion by the iron-founder ; but, since 
any closeness due to the sudden cooling in casting machines is 
entirely removed during subsequent remelting, the objection is one 
which is likely to disappear as chemical analysis is more commonly 
employed in connection with the iron-foundry. 

Grading Fig Iron. 

The pigs when cast in sand are of a Q section, and are usually 
about 5 feet long and weigh about 1 cwt. each. The blast furnace 
manager generally knows beforehand what is likely to be the 
character of the metal which is in the pig-bed, not only from his 
knowledge of the charge which has been used, and the working 
conditions of the furnace, but also from the appearance of the iron 
when running into the moulds, and from the surface of the pigs. 
Hard white iron is more sluggish, but brighter, and produces more 
sparks when flowing from the furnace, and it gives a rougher surface 
to the pig than soft grey iron, which, on the contrary, flows with 
a characteristic " break " and a smooth or velvety appearance. When 
the pigs are sufl&ciently cooled they are removed from the pig-beds, 
broken, and classified according to fracture. There are several 
systems of classification in use, that prevailing in South Staffordshire 
being as follows : — 

No. 1. Which has a very open grain, and is a soft grey foundry 
iron. 

No. 2. An open grain soft grey foundry iron, not quite so coarsely 
crystallized as No. 1. 

No. 3. A soft grey foundry iron, but somewhat closer in the 
grain than No. 2. 

1 Full particulars and illustrations of such machines will be found in Cassier^s 
Magazine, vol. 24, p. 113. 



CONNECTION BETWEEN GRADING AND CHEMICAL COMPOSITION 41 

No. 4. This is as a rule the most important grade, and on this 
accoimt it is divided into two, or sometimes into three 
varieties : — 

(a) No. 4. Foundry, — which is the greyest and the 

softest. 

(b) No. 4. An intermediate variety. 

(c) No. 4. Forge, — which is stronger and very close 

grained, though still all grey. 

No. 5. Mottled iron. 

No. 6. White iron. 

All mine iron, which is a characteristic and deservedly popular 
product of the Staffordshire district, is usually classified into eight 
grades, viz. : — 

Nos. 1, 2, 3, and 4. Ordinary foundry qualities, in descending 
order of softness and fluidity. 

Nos. 5. and 6. Closer grained and more suitable for the forge, or 
for chilled castings. 

No. 7. Mottled iron. 

No. 8. White. 

There is no uniform method of grading adopted through the whole 
of the United States, but the systems usually followed do not differ 
greatly from the above, although in America more attention is 
devoted to the grading of irons which are rich in silicon, as they are 
used by founders for softening purposes, and in many cases with 
more discrimination than in the old country. In the Southern parts 
of the United States the method of grading adopted in 1889 was as 
follows : — 

1. No. 1. Foundry 4. No. 1. Soft 7. Grey Forge 

2. No. 2. Foundry 5. No. 2. Soft 8. Mottled 

3. No. 3. Foundry 6. Silver Grey 9. White 

Of these grades Nos. 1, 2, 3, 7, 8 and 9 resemble irons of a similar 
class in the United Kingdom. The other irons are silicious in 
character, and are specially graded. 

Connection between Grading and Chemical Compositioa 

It will be seen from what has been before stated, that the fractured 
surface of the iron which has been run into the pig-bed presents 
marked differences in appearance, varying from the very open 
grained soft grey at the one extremity of the series to a perfectly 
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white and hard iron at the other. The intermediate varieties include 
various close grained irons and also mottled pig, which, as its name 
implies, is a mixture of white and grey. In "grey mottled" the 
chief part of the fracture is grey, with white parts here and there ; 
in a "white mottled," on the other hand, the chief part of the 
fracture is white, but dark grey patches occur at intervals. 

It will be interesting now to see how, in a typical case, these 
various grades of iron differ in chemical composition. The following 
table gives the analyses of a series of Cleveland pig irons examined 
by C. H. Ridsdale :— 





No. 1. 


No. 2. 


No. 3. 


Forge. 


Mottled. 


White. 


Carbon, graphitic, . 
„ combined, . 


3-20 


3-16 


316 


2-72 


r84 




trace 


•20 


•48 


•58 


1-25 


3-05 


Silicon, . 


3-50 


2-90 


2-59 


1-93 


1-01 


•67 


Sulphur, . 


•06 


•06 


•08 


•10 


•32 


•40 


Phosphorus, . 


V6i 


1-69 


1-67 


1-55 


1-57 


1^60 


Manganese, 


•68 


•62 


•60 


•75 


•62 


•42 



From these figures it will be seen that the elements with which 
we have to deal include carbon, which is returned in two forms, 
graphitic and combined ; silicon, sulphur, phosphorus, and manganese. 
It will further be noted that the phosphorus is fairly constant 
throughout the series; and also that there is no regular variation 
in the proportion of manganese. On the other hand, it will be 
observed that the four other constituents vary in the series under 
consideration in a manner which shows remarkable regularity. The 
graphitic carbon is at its maximmn in No. 1 iron, and gradually 
decreases until it suddenly disappears when we pass from mottled 
to white. Conversely, the combined carbon, of which there is only 
a trace in No. 1 iron, steadily increases until, in white iron, the 
whole of the carbon is in this condition. 

It may be well here to so far anticipate as to explain that the 
sudden cooling of grey cast iron tends to produce a white metal, 
while, on the other hand, slow cooling of white iron tends to the 
production of a grey metal. But in the case under consideration 
all the samples were cast and cooled in a similar manner, so that 
some other explanation must be sought in order to account for the 
difference in the condition of the carbon and the physical properties 
of the iron. This cause is found when the proportion of silicon and 
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of sulphur is examined, the silicon being at its maximum in the 
softest iron and steadily decreasing through the series; while the 
proportion of sulphur is lowest in the No. 1 pig, and increases 
regularly as we pass through the series to the white iron. These 
typical changes may be more conveniently studied when the analyses 
are represented diagramatically, as in fig. 14. 




H9/. N?2 N93 Forge Mottled White 

Fig. 14. — Diagram illustrating the grading of Cleveland Pig Iron. 
Percentages, — Sulphur is multiplied by 5 to render it more visible. 

The Density of Cast Iron, 

It may be interesting here to note that the density of cast iron varies with the 
grade, being highest in white iron, and lowest in very graphitic or silicious iron. 
The following table, based on figures given by W. J. Keep {Cast Iron, p. 28), 
will illustrate this change. 





Density. 


Weight per 
cub. foot. 


Pure Iron . 


. 7-84 


489 lbs. 


White Cast Iron 


. 7-60 


474 „ 


Mottled Iron 


. 7-53 


458 „ 


Light Grey Cast Iron 


. 7-20 


450 „ 


Dark Grey Cast Iron 


. 6-80 


425 „ 



It will thus be seen that, with castings that are reasonably free from blow holes, 
the grade can be approximately determined from the density of the metal, if this 
is known. 
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Unreliability of Fracture as a Test of Quality. 

It might perhaps be supposed from the analyses of a regular series 
of samples such as those above given that it would be possible by 
examining the fracture of a sample of pig iron to determine its 
chemical composition and physical properties. It is true that in 
many foundries where a " rule of thumb *' method is followed it is 
still customary to determine the suitability of pig iron for a particular 
purpose by the appearance of the fracture. There is no doubt that 
men of long experience, working with known irons, can in this way 
obtain uniform results in a manner which is surprising to those who 
have had less practical experience of the subject. But should there 
be any change in the source of supply of the iron, or any variation in 
the rate of cooling in the pig^ the foundry manager is apt to find 
himself entirely at fault if he depends merely upon fracture; nor 
can even an experienced chemist determine, from the appearance of 
samples which are submitted to him, exactly, or, in many cases, even 
approximately, what the composition is likely to be. It must be 
remembered that there are so many variables in connection with the 
chemical composition of pig iron, some of which produce one eflFect, 
and others almost exactly the opposite, that however useful a guide 
fracture may be in some cases, it is entirely misleading in the 
remainder. The intelligent and successful iron-founder of the pre- 
sent day, while carefully examining the fracture of all the iron he 
uses, also adopts physical tests to control the quality of his mixture, 
and checks these from time to time by chemical analyses. It is only 
by such a combination of science and practice that satisfactory results 
can be continuously obtained. But before the iron-founder can 
make his mixtures with intelligence it is necessary for him to under- 
stand the influence of the various elements which are constantly 
present in the pig iron which he uses, and this information will, as 
far as possible, be given in the next lecture. 
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LECTURE III. 

Constituents of Cast Iron. 

Cast iron is not an element, nor is it a compoimd, nor an alloy. It 
is a complex aggregation which includes elements and compounds, 
and supplies examples both of chemical combination and of mechanical 
admixture. In the previous lecture it was shown that the substances 
which are usually present in cast iron include carbon, silicon, sulphur, 
phosphorus, and manganese. In addition to these, other elements 
are met with in greater or less proportion. Titanium, for example, 
is not an uncommon constituent, especially when the iron has been 
produced from Scandinavian ores. Arsenic, too, is usually present 
in small quantities ; in other cases, copper, chromiiun, and timgsten 
can also be detected. With sufficient care traces of many other 
elements can be recognised by the analyst, but these are of no 
importance to the practical iron-foimder. In old analyses it was not 
uncommon to find calcium or aluminium returned as being present 
in cast iron, but it may now be regarded as proved that these 
elements are not met with in ordinary practice, though they do occur 
in alloys of iron produced in the electric furnace. The elements 
which are regularly present in cast iron may be divided into three 
classes, acccording as to whether they are essential, fairly constant, 
or variable in amount. In the first class carbon stands alone. It is 
an essential constituent of all cast iron, since with less than some 
2 per cent, of carbon the chai-acteristic properties of cast iron are 
not obtained. 

In the second class of elements are included those which are 
fairly constant in all grades of pig iron made from a particular ore 
mixture. These elements are phosphorus and manganese, and also 
the less conmion constituents, arsenic, copper and titaniimi. It has 
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already been seen that the proportion of manganese and of phos- 
phorus is very similar in all grades of iron made from Cleveland 
ironstone, and the same is true with irons made from, say, Cumberland 
hematite, or Lake Superior magnetite, or any other ore of tolerably 
uniform composition. It may be mentioned, however, incidentally, 
that sometimes the proportion of manganese is less in a white iron 
than in a grey iron from the same ore mixture. This is probably 
due to the effect of the sulphur in the pig, but the difference is not 
so great as to materially affect the product from the point of view of 
the iron-foimder. 

The elements of the third class are those which vary with the 
temperature and rate of working of the blast furnace ; with small 
variations in the composition of the charge ; and other similar 
circumstances, and which therefore may vary from day to day, or 
even from hour to hour. These elements are silicon and sulphur, and 
to them the iron-founder must pay special attention if a uniform 
product is desired. 

It will now be convenient to consider in detail the influence and 
state of combination of each of the elements which are ordinarily 
present in cast iron. 

Carbon in Cast Iron. 

When pure iron is heated with pure carbon, the iron readily takes 
up more or less of the carbon, the amount which is absorbed de- 
pending upon circumstances of temperature and time. If the iron 
is not pure a third condition is introduced, namely, the proportions 
of other elements which may be present. The effect of time and 
temperature in the absorption of carbon is well illustrated in the 
ordinary cementation process for the production of steel. In this 
process bars of iron are heated in contact with carbon for periods 
which vary according to the quality of steel which it is desired to 
produce. The time taken is usually about seven days, but this may 
be longer or shorter if specially high or low carbon steel is desired. 
By heating iron with excess of carbon in a crucible to a somewhat 
higher temperature than is employed in the steel converting furnace, 
it is easy to introduce, in two hours or less, some 2 '5 per cent, of 
carbon, which is more than is taken up during cementation in a 
week. But by raising the iron to an even higher temperature, while 
still keeping it in contact with solid carbon, the proportion of carbon 
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which is absorbed may, without difficulty, be made to reach, or even 
to exceed, 4 per cent, of the weight of the product. 

The maximum proportion of carbon which can be dissolved by iron 
is about 4*25 per cent., the results of some experiments by E. H. 
Saniter ^ being as follows : — 

At cementation heat (about 900' C.) ... 2*95 per cent. 

By fusion .(at about 1400' C.) ... 4*00 

When experimenting in an inverse direction, namely, by fusing a 
specially prepared carbide of iron (FcgC), instead of by adding carbon 
to iron, the same observer found that the carbide, on fusion, parted 
with its excess of carbon until it reached 4*27 per cent., which 
appears to be the saturation point of pure iron with pure carbon at 
the melting point. This saturated solution of carbon in iron is 
stated to be the iron carbon eutectic, and to melt at 1130^ C. 

The percentage of carbon which can be dissolved by iron is, however, 
markedly affected by the presence of other elements. Manganese 
and chromium lead to an increased solubility of carbon in iron at 
high temperatures, and to the production of what is called " combined 
carbon " when the metal cools. Silicon and aluminium, on the other 
hand, diminish the power of the iron to take up carbon, and by 
throwing carbon out of solution as the metal cools, produce graphitic 
or grey cast iron. 

Forms of Occurrence of Carbon. 

It is a matter of common knowledge, to which reference has 
already been made, that certain kinds of grey cast iron if cooled 
quickly become hard and brittle, while some varieties of white cast 
iron, if allowed to cool slowly, or when long annealed, become grey 
and soft. This characteristic change is connected with the fact that 
carbon exists in cast iron in more than one form. Usually two 
distinct forms are recognised, which are known respectively as 
"graphitic" and "combined," but, as will be explained later, each of 
these varieties may be again divided into two kinds which possess 
distinctive properties. 

It is easy to demonstrate that in grey iron carbon exists in a 
graphitic form, separate from the iron. Perhaps the simplest form 
of experiment is to take a pinch of turnings of grey cast iron in the 
fingers, and rub them on the palm of the hand, when it will be found 

^Jour. Iron and Steel Inst,, 1897, ii. p. 128. 

4 



50 LECTURES ON IRON-FOUNDING 

that the skin receives a shiny graphitic polish. No such effect is 
obtained if turnings of wrought iron, or of steel, or crushed white 
iron, be treated in a similar manner. Graphite can also be more or 
less perfectly separated from grey cast iron by sifting the turnings 
through muslin, by magnetic separation, by washing with water, 
or even by carefully blowing with air. The graphite when so 
obtained is seen to be in the form of thin flat plates, which bum 
when heated to redness in air or oxygen. The graphite can also be 
plainly seen when a polished prepared specimen of grey cast iron is 
examined under the microscope. (See figs. 49 and 50.) 

A convenient method of observing the properties of graphitic 
carbon is afforded by the removal of the iron by means of an acid, 
when the graphitic matter is left behind and can be readily examined. 
The iron may be employed in the form of small pieces, say the size 
of a nut, and covered with hydrochloric acid which has been previously 
diluted with about half its volume of water. The action is allowed 
to proceed slowly in the cold, and the spent acid is poured off from 
time to time and replaced by fresh. After a few days a residue will 
be obtained from which practically all the iron has been removed. 
This may now be washed with water, treated alternately with a 
solution of caustic potash, to dissolve the silica and combined 
carbon, if any, and with acid to remove the last tmces of iron. 
Finally, it should be extracted with hydrofluoric acid, washed with 
water, and dried. It will now be observed that if ordinary open 
grained grey iron, such as No. 1 pig, has been employed, the 
graphite is in bright glistening flakes which are not imfrequently 
of great beauty. But if the metal used were malleable cast iron 
(i.e., white iron rendered grey by prolonged heating to about 800*C.), 
or an ordinary close grained grey casting, or what is known as 
** glazed " pig, which is a special variety of silicious iron, in each of 
these cases a graphitic residue of a different character would be 
obtained. These graphitic residues would still blacken the hands, and 
possess the peculiar lubricating quality which we associate with 
blacklead. The carbon bums in air, but is in the form of a very fine 
powder of a dark grey or of a black colour, quite distinct from 
the brilliant flakes obtained from an open grained soft iron. The two 
varieties might then in common language be distinguished as being 
respectively flaky and powdery. The flaky variety may be regarded 
as true graphite. The dark grey powder is graphite in a state of 
very fine division, while the black powder is amorphous carbon. For 
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this amorphous variety of carbon the eminent German metallurgist 
Ledebur has suggested the name of " temper carbon." This name is 
derived from the German term for annealing, and must not be con- 
fused with the ordinary English word " temper " as applied to steel. 

Careful examination of white iron will also show that the combined 
carbon does not ail occur in one form. It is observed, for example, 
in the analyses of steel that the results obtained by the ordinary 
Eggertz carbon colour tests are much lower when the metal has been 
previously heated to a high temperature and rapidly cooled, than 
with steel in its unhardened or natural condition, the colour developed 
by carbon in hardened steel being only about one-half of that pro- 
duced by ordinary carbide of iron. Again, if grey cast iron be dis- 
solved in hydrochloric acid under ordinary conditions, the whole of 
the combined carbon passes away with the hydrogen which is evolved ; 
but Ledebur has shown that it is possible, by using dilute acid in 
the cold, to separate the combined carbon into two parts, one of 
which is capable of resisting the effect of cold acid. To this variety 
the name of "cement" carbon has been applied. The amoimt of 
the more easily evolved combined carbon is estimated by subtracting, 
from the total carbon present, the carbon found in the residue as 
above prepared by treatment with dilute acid. Hence the name of 
" missing " carbon has been applied to this portion of the combined 
carbon. It is interesting also to note, in connection with the above, 
that white cast iron, in which the carbon exists wholly in the com- 
bined form, when examined under the microscope, is found to consist 
of two distinct portions, namely, a white base of uniform texture, 
called cementite, on which is seen a dark pattern, fern-like in character, 
und pearlitic in structure. (See fig. 48.) 

It will thus be noted that while the chemist only distinguishes two 
kinds of carbon — combined and graphitic — it is necessary, in order to 
understand the properties of cast iron, to recognise four varieties, 
namely : — 

1. Coarse grained carbon or graphite. 

2. Fine grained carbon, called amorphous carbon or temper 
graphite. 

3. Combined carbon. 

4. "Missing" carbon, which usually occurs in relatively small 
quantities in cast iron. 

As the amounts of these four constituents are not separately 
estimated by ordinary chemical methods, it is impossible from a 
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chemical analysis alone to determine the physical properties of a 
sample of cast iron; hence the importance of combined physical 
and chemical tests. 

The proportion of total carbon present in ordinary foundry iron 
is usually about 3 to 3*5 per cent. Generally speaking, irons which 
are in other respects pure and good, are high in total carbon, while, 
conversely, commoner pigs often have their total carbon relatively 
low. Low total carbon, however, is not necessarily a disadvantage, 
as it is observed that metal with low carbon, but otherwise relatively 
pure, produces closer grained castings than when too much carbon 
is present. It is well known to practical men that a strong 
casting can be obtained by melting iron or steel scrap with soft 
grey pig, and in this case the total carbon is naturally lower than 
usual. The special strength so obtained is probably due to the fact 
that, owing to the iron being unsaturated, the carbon is not separated 
in large flakes, which would produce a soft weak iron, but is pre- 
cipitated in the temper form which is essential to the production of 
castings of the greatest strength. (See fig. 52.) 

Combined Carbon in Foundry Practice. — It has already been 
mentioned that the condition in which the carbon occurs in cast iron 
is dependent upon circumstances which include rate of cooling, 
proportion of carbon, and amount of other constituents. It is 
frequently stated that slow cooling converts white iron into grey 
while rapid cooling causes grey iron to become white ; but the 
practical founder knows that such a statement is only true in certain 
cases, as soft grey iron can be obtained which will run into sheets 
scarcely thicker than writing paper, or will fill up the vent holes 
in the mould in long needles, no thicker than ordinary knitting 
needles, and yet which will retain its grey fracture. On the other 
hand, white cast iron is produced which, even when very slowly 
cooled, or if long annealed, still retains its carbon in the combined 
condition. 

Though a moderate alteration in the proportion of total carbon, or 
of graphite, in a sample of cast iron, will frequently have but little 
effect on the physical properties of the product, a small change in 
the proportion of combined carbon will often very materially alter 
the strength of the casting, and its suitability for the purpose in 
view. Probably no other constituent in cast iron is so important in 
its effects as combined carbon, and in fact the influence of the other 
elements is largely due to the effect which they are able to produce 
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by increasing or diminishing the proportion of carbon which is 
retained in the combined form. The following percentage of 
combined carbon will be found approximately correct for the purposes 
specified : — 

Combined Carbon. 

Extra soft silicious grey iron . . .0*08 

Soft cast iron ..... 0*15 

Cast iron of maximum tensile strength . .0*47 

„ „ „ transverse strength . . 0*47 

„ „ „ . crushing „ over TOO 

These figures aa-e for castings about 1 inch in square section, aiid 
will vary according to the size of the castings and other circum- 
stances. It may be remembered, as a general rule, that the hardness 
of the metal increases regularly with the increase of combined 
carbon. 

Professor Howe has suggested that the maximum strength is 
obtained in cast iron when the combined carbon is between 1 '0 and 
1'2 per cent., and the graphite as low as possible. An iron of this 
kind is however apt to be too hard to be readily machined, and so 
would not meet with general favour from engineers, in this country 
at all events. 

Chilling irons are usually relatively low in silicon, containing from 
about 0*5 to 1 '5 per cent, of that element ; they are grey, close grained 
in structure, and tough and strong in character. 

The proportion of silicon which is required to be present in an iron 
in order to cause the precipitation of carbon as graphite varies 
considerably according to the quantity of total carbon present, and, 
more particularly, with the proportion of sulphur, manganese and 
other elements which are present at the same time. Swedish cast iron 
containing as little as 0*25 per cent, of silicon is sometimes quite grey, 
while Staffordshire all-mine cold blast iron may be grey with only 
about 0*5 per cent, silicon. On the other hand, samples of less pure iron 
are sometimes met with containing from 1 '5 to 2 per cent, of silicon, 
in which the carbon is still almost entirely in the combined condition. 

S^Mtration of Graphite. — The researches of the last few years 
have thrown much light upon the changes which lead to the separ- 
ation of carbon during the solidification and subsequent cooling of 
molten cast iron. It was formerly supposed that the whole of the 
graphite was separated during the act of solidification. This view 
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was supported by the observation that kish, which is a form of 
graphite in large flakes or plates, separates from grey cast iron when 
the metal is kept long fluid, as in the hearth of the blast furnace, or 
in a foundry ladle. But the researches of W. J. Keep, to which 
further reference will be made (see Chap. V.),have shown that important 
changes take place in the red hot metal after it has become solid and 
while it is still cooling in the mould. It will be sufficient here to 
observe that with ordinary grey cast iron there are three distinct 
arrests in the rate of contraction or expansion observed while it is 
cooling from the molten state to the ^temperature of the air. 
Similarly with grey cast iron there are also three arrests noted in 
the cooling curves taken by a recording pyrometer, through the same 
range of temperatiu-e. Though there is room for much further obser- 
vation in this interesting direction,* sufficient work has already been 
done to show that there is a considerable separation of graphitic car- 
bon from grey cast iron long after the metal has become solid, and some 
most important changes take place at or below 900" C. These cool- 
ing arrests present some analogy to the effects observed when certain 
varieties of steel are cooled through the same range of temperature. 

In cast iron these changes of volume appear to be connected with 
the separation of temper carbon, and when well marked are 
characteristic of strong, soft foundry metal. 

The iron-founder may perhaps at first be a little overwhelmed with 
the apparent complexity which is introduced by further knowledge 
in reference to the states in which carbon occurs in cast iron, and 
the conditions under which it separates, but doubtless many of the 
difficulties which were formerly met with in reconciling the results 
of chemical analyses with the physical properties of the castings were 
due to empirical methods ; and with improved knowledge, doubtless^ 
such difficulties will gradually disappear. 

Silicon in Cast Iron. 

All cast iron contains more or less silicon, the usual proportions, 
being from about 0*25 per cent, in specially pure, or in white pig iron, 
to a maximum about 4*5 per cent, in ordinary blast furnace practice ; 
but pig iron which contains 10 per cent, of silicon is regularly made 
in the blast furnace for special purposes, and 15 per cent, or 18 per 
cent, of silicon can be introduced in the blast furnace if required. 

1 See Note, p. 131. 
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By the use of the electric furnace any proportion of silicon which is 
desired may be obtained ; 30 per cent, and 50 per cent, ferro-silicons 
are now commercial articles, while the element itself can be 
purchased, of about 98 per cent, purity, for less than 10s. per lb. 
The rich alloys are, however, like the element itself, too expensive 
and too infusible to be profitably employed by the iron-founder. 

In reference to the mode in which silicon occurs in cast iron, it 
was at one time believed that silicon was present both in the 
combined and in the graphitic form. But more careful investigations 
conducted in recent years ^ have shown that silicon always exists in 
cast iron as a silicide. This silicide, according to Camot and Goutal,^ 
usually has a composition corresponding to FcgSi, though from rich 
ferro-silicons the compound FeSi has been isolated, while, when much 
manganese is present, a silicide (FeMn)3Si may also occur. 

When irons which contain a considerable porportion of silicon are 
microscopically examined, the silicide is observed in characteristic 
crystalline forms ; but in ordinary foundry iron, in which the silicon 
does not exceed 5 per cent., the silicide cannot be distinguished by 
the eye, as it exists in the form of a solidified solution in the iron, 
and forms part of the structureless matrix from which the graphite 
is at first thrown out, and from which the phosphorus eutectic, if 
present, afterwards separates. 

It was at one time very generally held that silicon was injurious 
in all proportions when present in cast iron, though it had been 
pointed out by Sefstrom, by Snelus, and still more plainly by Ledebur, 
that with irons in which much silicon is present the carbon is wholly, or 
nearly wholly, in the graphitic state. It was also known that certain 
silicious irons obtained in the United States could be advantageously 
used as softeners in the foundry ; but it may be claimed that there 
was no accurate or quantitative knowledge of the influence of silicon 
previous to 1885, when my first paper on " The Influence of Silicon on 
the Properties of Cast Iron" was published in the Journal of the 
Chemical Society. The principle adopted in connection with these 
experiments was extremely simple, though it does not appear to have 
been previously applied. The practice had hitherto been to 
endeavour to deduce from the analyses of samples produced in actual 
practice the influence of the various elements which were present. 
On account of the number of variables which have to be considered, 

* For an outline of these researches see Metallurgy of Iron y p. 197. 

2 Inst, Jour,y 1899, vol. i. p. 453. See also P. Lebeau, ihid,, 1901 , vol. ii. p. 613. 
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this, which may be called the analytical method, involves a very large 
number of observations being made before any definite conclusion 
can be drawn. For the other, or what may be called the synthetical 
method of investigation, cast iron was first specially prepared so as 
to contain as little silicon and other impurities as possible.. It was 
then mixed with ferro-silicon, containing about 10 per cent, silicon, so 
as to give a graduated series of test bars with definite proportions of 
silicon, while the other elements were kept as nearly as possible constant. 
By adopting this method more information was obtained from, a 
single series of experiments than could have been gained by many 
years of practical observation, and the synthetical method of 
investigation in the hands of Arnold, Hadfield, Keep and other 
investigators, has since widely extended our knowledge of the 
metallurgy of iron and steel. As applied to cast iron, the synthetical 
method, by elucidating the influence of silicon, gave the key to the 
successful application of scientific knowledge in the iron-foimdry. 
Subsequent experiments following similar lines, and particularly those 
conducted by Mr W. J. Keep, have determined with great accuracy 
and completeness the influence of the other elements which are 
present in foundry iron. 

Returning now to the influence of silicon on cast iron, I have a 
series of samples of the turnings obtained from the test pieces pro- 
duced in the original experiments, the results of which were, as 
before mentioned, published in 1885. These samples are arranged 
in order of silicon content. Those who have had any experience in 
the working of cast iron will see at once a marked difference in the 
properties of the various members of the series. Commencing at 
the one end with pure cast iron, the metal was so hard as to be 
cut only with the greatest difficulty, and the fragments chipped off" 
in small irregular pieces. At the other end of the series the 10% 
silicon pig was so brittle that it could be crushed to powder in a 
steel mortar, though it was too hard to be readily cut in the lathe. 
The intermediate members of the series exhibited gradations in soft- 
ness and working qualities, the samples from about 2 to 3*5% being 
particularly soft, and their turnings are in the shape of those twisted 
spirals which are so characteristic of metal which can be readily 
machined. 

The series therefore illustrates the fact, which cannot be too often 
insisted upon, that cast iron with either too little or too much 
silicon is relatively hard and brittle; and that the proportion of 
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silicon must be varied according to the particular purpose which is 



in view. 
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The pieces from which these turnings were obtained were carefully 
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tested for tensile and crushing' strength by Professor Kennedy^ 
They were also analysed, the analyses being checked by Mr J. P. 
Walton, and the results of these tests are embodied in the table 
given on page 60. These results may be conveniently expressed 
graphically as in fig. 15,^ from which it will be seen that for crushing, 
transverse, and tensile strength respectively, the influence exerted 
by silicon is of a uniform character, which may be represented by 
a curve rising to a maximum. But it will be observed that the 
maximum point is different in each case, thus emphasising the 
necessity for a composition in accordance with the special properties 
which are desired in the product. In these experiments the pro- 
portions of silicon corresponding to the various properties were 
as follows : — 

Maximum hardness. 

Crushing strength. 

Modulus of elasticity, 

Density in mass. 

Combined crushing and tensile strength : 

transverse strength. 
Tensile strength, 
Softness and working qualities. 

But it must be borne in mind that these values are only true 
under the circumstances of these particular experiments, and the 
most suitable amount of silicon varies according to the proportion 
of sulphur, manganese and other constituents, and also with the 
size of the casting. It has, however, been amply demonstrated in 
actual practice that the figures as above given are approximately 
correct. The hardness in this series of samples was determined by 
the means of a " sclerometer " (see fig. 39), the results being ex- 
pressed by the weight in grams, pressing upon a diamond point, 
required to produce a standard scratch on the polished surface of 
the metal. The result is graphically shown in fig. 16, from which it 
will be noted that the maximum hardness was obtained with white 
iron ; that the hardness steadily decreased with the addition of silicon 
until 2*5 per cent, was reached, when with further addition of silicon 
the hardness was again increased. 

The influence of silicon on cast iron was reinvestigated by Mr W. 
J. Keep of Detroit, and the results of his investigation have since 

* Metallurgy of Iron, p. 194. 
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been published in a convenient form in a volume entitled Cast 
Iron — A Record of Original Research^ which should be read by 
every one interested in the scientific aspect of iron-founding. 

Mr Keep has pointed out that white iron frequently does not 
give sound castings, and that blowholes lead to lower specific 
gravity and diminished strength; but a small addition of silicon 
eliminates blowholes and produces soimd castings. As soon as the 
metal is sound the greatest crushing strength is obtained. This 
condition gives the maximum density; further addition of silicon 
leads to the formation of graphite and diminished brittleness, and gives 
the greatest transverse and tensile strength. When the graphite is 
further increased, the metal is divided by the interspersed graphitic 
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Fig. 16. — Silicon in Cast Iron, Hardness Tests. 

material, which is now in a coarser state of aggregation, and the 
strength and hardness of the casting are decreased. The deflection 
also increases with the increase of graphite, but when the maximum 
separation of graphite has taken place, any further addition of 
silicon causes stiflhess or brittleness. 

Mr Keep also drew attention to the important fact that white 
iron shrinks more during solidification than grey iron, and hence on 
adding silicon to white iron the shrinkage is diminished. The 
amount of shrinkage closely follows the proportion of combined 
carbon in cast iron — so closely, indeed, that it is found in practice 
that the hardness of the metal may be judged with considerable 
accuracy by a shrinkage test. Hence a shrinkage test acts as a 
control on the proportion of graphite, and indirectly also on the 
percentage of silicon. When discussing the influence of silicon on 
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cast iron, it is customary in some quarters to speak as though the 
only effect exerted by silicon is that due to the separation of 
graphitic carbon. Professor Howe, for example, regards cast iron as 
a mixture of graphite and a metallic matrix, and its strength as 
dependent on the relative absence of the former, and the ap- 
proximation of the latter to steel, and has elaborated this view at 
considerable length, and with characteristic care and ability. (/. & S. 
Inst. Jour., 1903, i. p. 706). But it is important to recognise two 
other effects produced by silicon in addition to its power of separat- 
ing graphitic carbon. In the first place, both the tensile strength 
and hardness of carbon free iron are increased by the addition of 
silicon, which acts in this respect much like combined carbon in iron 
or steel, but in a less energetic manner.* Excess of silicon, however, 
like excess of carbon, causes the metal to become crystalline, so that 
rich ferro-silicons are sufficiently brittle to break easily when struck 
with a hammer, and can be readily crushed to powder. Secondly, it 
is noted that the size of the graphite is influenced by the judicious 
addition of silicon, since what may be termed freshly precipitated 
graphite, obtained by adding silicon to a hard iron, is smaller in size 
than that which exists in an ordinary soft foundry iron, and 
consequently the metal is closer in texture and stronger when, by 
the addition of silicon, a portion of the graphite has been thrown out 
of solution in this form. We are therefore justified in claiming a 
specific influence for silicon itself in addition to that which it exerts 
upon the state of combination of the carbon present. In order to 
accurately understand the constitution of cast iron, it is necessary to 
consider not only the total amount of graphite, and the proportion it 
bears to the combined carbon, but also the texture of the graphite 
and the effect of other elements on the matrix in which the graphite 
is found. It will be seen, when discussing the influence of the other 
elements upon cast iron, that each has a specific and beneficial 
influence when present in suitable proportions, though the amount 
which can be introduced with advantage is very much less with 
certain elements than with others. 

Silicon in the Foundry. — From what has already been said, it will 
be evident that, with pig irons of what may be regarded as good or 
normal composition, the regulation of the proportion of silicon is the 

* Additional proof of this statement will be found in the results published 
since these lectures were delivered. (See T. Baker, " Silicon in Iron and Steel " — 
I. A S. Inst. Jour., 1903, vol. ii. 
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key to successful foundry practice. The question then arises as 
to the most economical and convenient method of obtaining in 
practice the required proportion of silicon. In special cases it has 
been found advantageous to use ferro-silicon containing 10 per cent, 
of silicon and upwards, and this method was adopted with advantage, 
particularly in France, in 1886. Ferro-silicons, however, possess two 
disadvantages ; in the first place, they are relatively expensive, and 
are sold at prices varying with the silicon content. Further, they 
differ considerably both in fusibility and density from the iron with 
which they are to be mixed, and as a result the product is apt to be 
irregular in composition. When using a mixture of irons which 
differ considerably in an analysis, there is also the irregularity 
caused by relatively small errors in the order, or the time, of charging 
the metal into the cupola. On the whole, therefore, it is found more 
economical to use a mixture of such irons as are commonly met with 
in practice, and this method of mixing has the advantage of ensuring 
greater uniformity both in the supply and in the product. The 
ideal method is for the foimder to have a fairly large stock, including 
several kinds of iron, each separate kind being a little too hard, or a 
little too soft, for the general run of work, but still not very different 
from what is required. By mixing these irons in suitable proportions, 
it is then easy to obtain any composition which may be desired, it 
being, of course, assumed that the composition of each variety is 
already known. 

Sulphur. 

The proportion of sulphur which is met with in foundry irons is 
usually small, and while the carbon and silicon are expressed in 
percentages, the sulphur is returned by the analyst in lOOths, or at 
most lOths of one per cent. It may be noted as a curious fact that 
American irons are generally much freer from sulphur than are 
many varieties produced in the United Kingdom. Despite the 
small proportion of sulphur which is usually present in foundry irons, 
its influence is so energetic that it deserves special attention, since 
relatively small variations may entirely change the character of the 
product. Briefly stated, the effect of sulphur is to counteract that 
of silicon ; it leads to the production of combined carbon, and con- 
sequently to increased shrinkage and hardness. On the other hand, 
metal which is unusually free from sulphur is apt to be somewhat 
too soft, and a little wanting in strength and rigidity. It is not 
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possible to give any figures which would be of general application, 
but the iron-founder would usually be safe in considering that one 
part of sulphur will neutralise the useful effect of at least 10 parts 
of silicon. For soft fluid castings the sulphur should be as low as 
possible, or say about '03 to '04 per cent. For strong metal 
^bout '07 per cent, gives good results ; but it is doubtful if it is 
advantageous under any circumstances to introduce more than 
about O'lO per cent, sulphur into foundry mixtures. The sulphur 
which is present in cast iron exists as sulphide of iron, which is 
readily fusible, and is probably the last constituent to solidify as 
the metal cools. As a result, the sulphur is apt to be very 
unequally distributed in a mass of iron, sometimes being found 
chiefly in the upper and outer part of the pig, as when much 
manganese is present ; but in other cases the sulphur collects chiefly 
in the centre of the casting. Considerable care is therefore necessary, 
in order to obtain a fair average result, when sampling pig iron 
for the purpose of analysis. 

Phosphorus. 

It has already been mentioned that the whole of the phosphorus 
which is present in the ore charged into the blast furnace is reduced 
and passes into the pig iron, and that, consequently, the content of 
phosphorus from a given ore mixture is approximately constant. 
(See page 13.) 

Phosphorus exists in cast iron in the form of phosphide, which is 
readily fusible, and which in its pure state is brittle and comparatively 
hard. It has been shown by Stead ^ that more than one phosphide 
exists in iron and steel, though the one usually met with has a 
composition corresponding with the formula FcgP. This is dissolved 
by the iron until the proportion of phosphorus reaches about 1*70 
per cent., after which the phosphide separates in the free state. 
Carbon tends to throw the phosphorus out of solution, though this 
action is not complete even with 3*5 per cent, of carbon. It will be 
seen that a grey phosphoric iron, when viewed under the microscope, 
consists of three parts : (a) the uniform ground or base consisting of 
iron, silicon, and manganese ; (b) graphite ; (c) the phosphorus 
eutectic. (See fig. 50.) 

A small quantity of phosphorus when present in pig iron is found 
^ I. dtS. Inst. Jmr,, 1900, vol. ii. p. 60. 
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to be advantageous for many purposes, as it gives greater fluidity, 
and at the same time increases the strength of the metal. But with 
larger porportions of phosphorus the phosphide remains fluid while 
the rest of the metal solidifies, and being deposited throughout the 
mass, it causes the casting to be brittle, and to fracture easily from 
shock. So characteristic is this efiect of phosphorus that in practice 
it is foimd possible to tell approximately the proportion which is 
present in a sample of pig iron by the readiness with which a pig 
of a given grade will fracture when thrown upon the pig breaker. 
The ready fusibility of the phosphide eutectic causes phosphoric 
iron to be unsuitable for application where the metal has to resist 
high temperatures, as in the case of ingot moulds, fire-bars, etc., for 
which purposes hematite iron should be employed. For ordinary 
strong castings of good quality about 0*5 per cent, of phosphorus 
gives excellent results, while for the general run of foimdry practice, 
where fluidity and soundness are of more importance than strength, 
from 1 to 1 "5 per cent, phosphorus may be allowed ; but beyond this 
higher limit the further addition of phosphorus causes such marked 
brittleness as to allow of the metal being used only for very inferior 
purposes. The presence of phosphorus appears to have little or no 
effect on the proportion of combined carbon, but it reduces the 
shrinkage, its action in this respect being direct, and not chiefly 
through its action on carbon, as is the case with silicon. ^ 

Manganese. 

Iron can be purchased commercially containing any proportion 
from 0*1 to about 90 per cent, of manganese. The richer alloys are 
known as ferro-manganese. Intermediate irons containing from 
about 5 to 20 per cent, of manganese are called spiegels. With 
metal so rich in manganese the iron-founder is seldom concerned, 
though for special purposes the addition of a small quantity of 
ferro-manganese, as a softener, is occasionally recommended, 
particularly with sulphurous irons. The presence of manganese 
tends to increase the proportion of combined carbon, and hence 
increases the hardness and shrinkage, but decreases the fluidity of 
the metal. Mr Keep calculated that an addition of 1 per cent, of 
manganese leads to an increase of 40 per cent, in the hardness of 
the metal. Strong irons usually contain a certain proportion of 
^ See Keep, Cast Iron, p. 79. 
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manganese, but it is doubtful if it is ever beneficial to introduce 
more than 1 per cent, in ordinary foundry practice. 



We have now considered those elements which are invariably 
present in greater or less proportion in cast iron. Before leaving 
the subject, a few words may not be out of place in reference to a 
few other elements which occur less frequently. 

AliiTnimiTn. — It was anticipated at one time that an extensive 
application of aluminum would be met with in the iron-foimdry, 
as the influence of this metal is very similar to that which is exerted 
by silicon, except that aluminum is more energetic in the conversion 
of combined carbon into graphite.^ The use of aluminum for foundry 
purposes was very carefully studied by Mr Keep, who concluded 
that for ordinary foundry use silicon was, on the whole, to be 
preferred. The disadvantages in the use of aluminum are that the 
cost is increased, while metal which contains aluminum is less fluid 
than ordinary cast iron, and appears to have a skin upon its surface 
which prevents it filling the crevices of the moulds. This skin is 
also apt to break away in the form of scmn, which forms irregular 
patches on the surface of the casting. The amoimt of aluminum 
required is so small that the presence of rather more oxygen than 
usual in the metal may result in little or no ali^inum remaining 
in the casting, and hence the prodnct.is apt to be very irregular. 
A.t the same time it must be acknowledged that when just the right 
proportion of alimiinum can be introduced the product is often 
exceptionally good. 

Arsenic is frequently present in small quantities in cast iron. Its 
action resembles that of phosphorus, but the quantity is usually not 
sufficient to cause the iron-founder any anxiety. 

Gopper is not an imcommon constituent, but the amounts which are 
usually present cause no trouble to the iron-founder. In small 
proportions it is usually rather beneficial than otherwise. The 
same can be said of nickel in quantities not exceeding about one 
per cent. 

^ See Melland and Waldron, " The Influence of Aluminium on the Carbon in 
Cast Iron,'Vottr. /. and S. Inst., 1900, vol. ii. p. 244. 
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Titanium is not an unusual constituent of cast iron, though the 
amount present is seldom over 1 per cent. It imparts a characteristic 
velvety mottled appearance to the fractured surface of grey cast iron, 
which is seen in fig. 17. This sample contained 0*28 per cent, of 
titanium. In the proportions in which titanium is usually present 
it does not appear to injuriously affect the physical or mechanical 
properties of cast iron, or to alter the proportion of graphite, or the 
power to chill. On the other hand, Bahlson states that a small 




Titaniferous Pig Iron. 



quantity of titanium, when present in cast iron, leads to increased 
bending and tensile strength. ^ 



Composition of Strong Cast Iron. 

Having thus briefly discussed the influence of each of the elements 
with which the iron-founder has to deal, it may be well now to 
consider what may be regarded as a typical cast iron for general 
foundry purposes. Here it should be mentioned that no particular 
kind or grade of cast iron is equally good for every purpose. There 

^ Iron and Steel Inst, Jour., 1902, ii. p. 660. 
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is in fact no "good" or "bad" cast iron, as metal which is entirely 
unsuitable for one purpose may be exactly what is required for 
another. As a typical example of good cast iron we may take the 
material which is employed by the engineer for best qualities of work, 
where strength, solidity, fluidity, and good working qualities are 
required. Such a metal, with relatively small alterations of its 
silicon and other constituents, can be made to answer for any other 
purpose in the foundry. Examination of a large number of results 
of chemical and mechanical tests, including those of the American 
Commission on Metal for Cannon in 1856 ; the Cast Iron Experi- 
ments conducted at Woolwich in 1858 ; of my awn experiments; and 
of a number of tests recorded by other observers, ^ show that with 
cast iron the maximum tensile strength is obtained with about 94 
per cent, of metallic iron, and with the other elements in approximately 
the following proportions : — 



Graphitic Carbon . 


2-5 


Combined Carbon . 


0-5 


Silicon 


1-5 


Phosphorus 


•55 


Manganese 


1-00 


Sulphur . 


•075 



Starting with this typical composition, the founder can vary his 
mixture according to the work which may be in hand, having in 
view the requisite strength, fluidity, price, or other special conditions 
which may be necessary. In cases where the metal is required to 
chill, the proportion of silicon usually varies from about '6 to 1 
per cent., the amount depending upon the depth of chill needed and 
the size of the casting ; a lower silicon being naturally employed 
with larger mases of metal. If a fluid or thin iron is wanted the 
silicon may be increased to about 3 or 3*5 per cent, and the phos- 
phorus to 1*5. For such material a lower manganese is usually to 
be recommended, and the metal should be cast at a rather higher 
temperature than usual. For the production of castings with very 
fine surfaces, fluid metal with high graphitic carbon and relatively 
high in silicon and phosphorus is employed, and it is important that 
the metal should be poured at the right temperature. Smooth finely 
dressed patterns, which are often of polished metal, are used, and the 
moulds should be made with sand of good uniform quality, and should 

^ For particulars, see Metallurgy of Iron, p. 238. 



68 LECTURES ON IRON-FOUNDING 

be well vented. In some cases considerable stress is laid upon the 
character of the " facing " applied to the surface of the mould, 
though excellent results are obtained in other foundries in which no 
special facing is applied. 

Gomposition of American Foundry Iron. 

As there is often a distinct difference in the composition of American 
and British cast iron of the same grade, owing to the former being 
somewhat lower in sulphur and silicon, it may be well here to include 
a series of typical specifications for the chemical composition of 
American foundry irons, as given in the recently issued and valuable 
Report of the British Iron Trade Commission of 1902 (page 236). 

Special Hard Iron {Close Grained). 

Silicon must be between 1-2 and 1*6 per cent, (below 1*2 the 
metal will be too hard to machine; above 1*6 it is liable to be 
porous unless much scrap be used). 

Sulphur must not exceed 0*095 per cent., and any casting showing 
on analysis 0*115 or more of sulphur will be the cause for rejectment 
of the entire mix. (Above 0*115 per cent., sulphur produces high 
shrinkage, shortness and " brittle hard " iron. Exceptionally, how- 
ever, as for frictional wear in brake shoes, etc., the sulphur may run 
up to 0*15 per cent.) 

Phosphorus should be kept below 0*7 per cent., unless specified 
for special thin castings. (High phosphorus gives brittle castings 
under impact.) 

Manganese should not be above 0*7 per cent., except in special 
chilled work. 

Medium Iron. 

Silicon to be between 1 '4 and 2 per cent. (Silicon at 1 -5 gives 
the best wearing result for gears.) 

Sulphur must not exceed 0*085 per cent., and any casting showing 
on analysis 0*095 per cent, or more of sulphur will be the cause for 
rejectment of the entire mix. (Sulphur preferred at 0*075 to 0*08 
per cent.) 

Phosphorus should be kept below 0*7 per cent., except in special 
work. 

Manganese should be below 0*7 unless otherwise specified. 
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Soft Iron. 



Silicon must not be less than 2*2 nor more than 2*8 per cent., 
with a preference for about 2*4. (Below 2*2 per cent., small 
castings will be very hard ; above 2*8 large castings will be some^ 
what weak and have an open grain.) 

Stdphur in no case must exceed 0*085 per cent. High sulphur 
makes iron " brittle short " and causes excessive shrinkage. 

Phosphorus should be kept below 0*7 per cent., except in cases 
where great fluidity is required, as in thin stove plate, when it may 
run up to 1'25 per cent. Phosphorus makes iron brittle under 
impact. 

Manganese should be kept below 0*7 per cent., except in chilled 
work. For a heavy chill the manganese may vary from 0*7 to 
1'25 per cent. 



Having thus briefly considered the general character and com- 
position of the metal employed by the iron-founder, I propose in the 
next lecture to deal with the arrangement of the iron-foundry, with 
the work conducted therein, and with some of the most important 
problems with which the founder is beset. 



LECTURE IV. 



THE FOUNDRY. GENERAL ARRANGEMENT. METHODS OF RE- 
MELTING CAST IRON. THE CUPOLA. VARIETIES OF CUPOLAS. 
FUEL USED IN REMELTING. CHEMICAL AND PHYSICAL 
CHANGES DUE TO REMELTING. MOULDS AND MOULDING. 
HAND AND MACHINE MOULDS. FOUNDRY LADLES. POURING 
AND POURING TEMPERATURE. COMMON TROUBLES OF THE 
IRON-FOUNDER. INFLUENCE OF SHAPE AND SIZE ON THE 
STRENGTH OF CASTINGS. 



LECTURE IV. 

The Foundry. 

In many cases the iron-foundry is a part of a larger undertaking, 
and has grown up as the necessity has arisen for the production of 
castings to supply the needs of the establishment. As a consequence 
the space occupied is small, the moulding shop is dark, badly ventil- 
ated, and in many cases not provided with any heating apparatus for 
use during the winter months. Mechanical appliances, too, are 
conspicuous by their absence, and there is apt to be a general want 
of attention and care, which imder such circiunstances cannot. fail 
to react upon the workmen, and upon the character of the work 
produced. 

The ideal foundry is a large well-lighted building, rectangular 
in plan, erected on a level site, close to railway and water com- 
munication, and with plenty of room around the building for sidings, 
stores, light, air, or future extensions. The buildings should be con- 
structed so as to be well ventilated in summer, and warmed in the 
depth of winter.^ The working floor is of earth, but sufficient 
tram-lines should be provided to allow of ready transport of heavy 
material. One or more large over-head traversing cranes should be 
provided, and also a number of smaller jib cranes, so as to allow of 
the ready handling of heavy moulds and castings. Lastly, due 
attention should be paid to the sanitary arrangements for the con- 
venience of the men, and these should include facilities for washing, 
and for some change of clothes, so that the moulders when they 
leave work may be able to do so with self-respect, and be in a fit 
state to travel in a public conveyance. 

^ See paper by W. H. Carrier, ** On Heating and Ventilation of Foundries and 
Machine Shops." Amer. Foondrymen's Association, June 1 908. 
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As an example of a modem fomidry in the United Kingdom, may 
be taken that of the British Westinghonse Co., Manchester. This 
foundry is represented in plan in the folding plate, fig. 18, and in 
cross section in fig. 19. The main building is about 600 ft. long by 
170 ft. wide, and is lofty and well ventilated. There are in addition 
separate stores, pattern shops, and covered pig yards as indicated in 
the drawings. 

It will now be convenient to enter such a foundry with the pig 
iron, and to follow it through the various processes which result in 
the production of a finished casting. It has already been mentioned 
that in some cases castings are produced from metal taken direct 
from the blast furnace, but the use of fluid metal in this way is 
naturally of very limited application and is not to be recommended 
for best work. In the great majority of cases the iron is first cast 
in moulds at the furnaces, and the founder receives his metal in the 
form of pigs, which have been run in sand. For this sand an 
allowance by weight is made at the furnace. The iron is generally 
stacked in a pig yard, which usually contains at least three or four 
varieties of pig iron. It is advantageous when possible to have the 
pig yard under cover. The founder, by having fairly large stocks of 
selected iron on hand, is able to obtain a much more uniform product 
than would be possible with the use of direct metal or of a single 
brand. The ideal foundry mixture is, as already mentioned, one 
which consists of several varieties of irons which do not vary too 
much in chemical composition, hardness or density, and which will, 
on remelting, readily mix so as to yield a thoroughly uniform product. 

Bemelting Cast Iron. 

There are four chief methods which are in regular use for the 
remelting of cast iron in the foundry. 

1. Clay Grucibles are heated in a wind furnace fired by coke. 
The charge in each crucible usually does not exceed about 70 lb., 
and for experimental purposes is often much less. This method 
of melting is the most expensive in fuel and labour, and is only 
adopted on a small scale for the production of malleable castings, 
or for other special purposes. 

2. The Air Furnace is frequently used where metal of special 
uniformity is required, as for example in the production of chilled 
rolls. The furnace employed for this purpose is of a simple rever- 
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beratory type, the chief point in the construction being that the 

roof is arched downward, 
so as to reduce the space 
in the melting part and 
cause the flame to play 
over the surface of the 
metal. The fuel used is 
coal, and the furnace has 
a sand bottom. This 
method of melting has the 
advantage of supplying a 
large bath of metal of 
uniform composition, and 
also allows the composition 
to be varied, if desired, 
just before the metal is 
poured. A section of such 
a furnace is given in fig. 
20, and this may be re- 
garded as a typical example 
of the air furnaces employed 
in South Staffordshire. 

3. The Siemens Begei;!- 
erative Furnace is now 
being used in a number 
of foundries, particularly 
in America, for the pro- 
duction of malleable cast 
iron. For this purpose the 
acid lined furnace with a 
sand bottom is employed, 
and grey cast iron is melted 
with sufficient scrap to 
give a suitable composition 
for use in the annealing 
oven. These furnaces are 
relatively economical in fuel 
and labour, and allow of the 

production of a metal of definite composition, but for general work 

they cannot compete in economy with the cupola. 
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4. The Cupola, or small blast furnace, is the form of apparatus 
■ which is in use in the vast majority of foundries throughout the 
world, and which is, on the whole, the cheapest and the most con- 
venient arrangement for remelting cast iron for foundry purposes. 

Cupolas are generally circular in section; they are lined with 
ganister, fire-brick or other non-conducting refractory material ; and 
are driven with low pressure blast at or about the atmospheric 
temperature. Hard coke is generally used for fuel, though occasion- 
ally charcoal or gaseous fuel is employed. A small quantity of lime- 
stone is usually added, as it fluxes off the sand adhering to the pigs, 
or the silica produced by oxidation of the silicon in the iron. It 
also combines with the ash of the coke, and tends to diminish the 
amount of sulphur which enters into the iron. The blast is driven 
either by a fan, or more generally by a Roots or other positive 
blower, the pressure being measured in ounces per square inch. The 
blast is generally introduced through twyers situated round the zone 
of fusion. 

Varieties of Cupolas. 

Cupolas vary from an old boiler tube, lined with a ramming of 
sand, and fitted with but one twyer (an arrangement which answers, 
sufficiently well for small temporary purposes), to larger and more 
complex structures capable of melting up to 500 tons per day. 
Much ingenuity has been expended in the construction of varioua 
modified forms of cupolas, the object generally being the reduction 
of fuel consumption, and the production of a more uniform iron. 

The different kinds of cupolas in actual use, or which have been 
proposed from time to time, are legion. In 1887 M. A. Gouvy, in a 
paper on cupolas, described no less than thirty-three different kinds, 
most of which were German. This list did not include the majority 
of types used in the United Kingdom. 

Cupolas may be conveniently classified according to internal shape 
and arrangement of the hearth ; the method of introduction of the 
air supply ; and the kind of fuel employed. Taking these characters 
in order and dealing first with the internal shape, cupolas may be 
divided into three kinds. 

(1) The old solid bottomed type, which is represented . in fig. 21, 
and which is in pretty general use in small foimdries in the 
United Kingdom. It has the advantage of being cheap and 
easy to work, but is only to be recommended for small 
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outputs. The charging door, charging platform, tapping 
hole, blast main, blast pipes, and 
twyers are sufficiently indicated 
on the diagram. 

(2) Drop bottom cupolas are generally 

employed with large outputs in 
the United Kingdom and are in 
special favour in America. The 
advantage of this system is, that 
when melting is finished the 
bottom can be readily removed 
and the cupola cleaned and re- 
paired. A cupola of this type is 
shown in fig. 22. 

(3) Cupolas with a receiver, of which 

the Stewart's "Rapid" is a well 





Fig. 21.— Solid Bottomed Cupola. 



Fig. 22.— Drop Bottom Cupola. 



known type, are in use in many foundries in the United 
Kingdom. Such a cupola is illustrated in fig. 23. These 
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Fig. 28.— The ** Rapid" Cupola, with separate Receiver in Elevation and Sections. 
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furnaces are driven with a forced draught in the ordinary 
way, and the special point is that they are provided with a 
separate receiver in which metal can be allowed to accumu- 
late so as to obtain an iron of special uniformity in such 
quantity as may be required. In cupolas which are not 
provided with a separate receiver the amount of metal which 
can be accumulated at one time is determined by the 
vertical space between the bottom of the hearth and the 
point at which the air enters. By a suitable size and shape 
of hearth many of the advantages of a cupola with a receiver 
can be obtained without having a separate outside vessel. 
When regarded from the point of view of the method whereby the 
air is supplied, cupolas may also be divided into three kinds. 

(1) Cupolas with one row of twyers. — In ordinary practice the 

air enters under pressure, through openings placed in a 
horizontal plane around the sides just above the hearth. 
Various attempts have been made to heat the air, or to 
inject fuel with the air, but these have not been successful. 
The reason no doubt is, that the combustion which takes 
place in a cupola is essentially different in character from 
that occurring in a modem blast furnace, where, it will be 
remembered, the air is almost instantaneously converted 
into carbon monoxide on entering the hearth. In the 
cupola, on the other hand, carbon dioxide is first produced, 
and this is converted into monoxide higher up in the cupola 
on coming in contact with heated coke. As the carbon 
monoxide is not wanted for any reducing action, any excess 
bums to waste at the throat of the cupola. 

(2) Cupolas with more than one row of twyers, — In Ireland's cupola, 

which was introduced about 1860, ^ two rows of twyers 
were employed, and the cupola was provided with boshes like 
a blast furnace. Such a form is found to give very 
satisfactory results with large outputs, the introduction of 
air higher up in the cupola being advantageous, as it leads 
to the more complete combustion of the carbon monoxide 
produced as above explained. The Greiner and Erpf cupola 
is of this type, and has met with much favour in Germany ; 
it is provided with a circle of five or six twyers aroimd the 
melting zone, while about 12 or 18 small twyers, each about 
^ For illustrated description, see F. Eohn, Iron and Steel Manufotcture, p. 63. 
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one inch in diameter, are placed around the furnace higher 
up in a spiral form. 
(3) Suction Cupolas, — In other cases the air for combustion, 
instead of being forced in under pressure, is aspirated by 
means of a steam jet arranged in a tube or chimney 
connected with the cupola. The Woodward cupola which 
was introduced in 1860 ^ is of this type ; and more recently 
the Herbertz cupola, which is of the same class, has met 
with considerable favour in Germany. In cupolas of this 
construction the air is admitted through a circular slit or 
ring around the melting zone of the cupola. 

Fuel Used in Bemelting. 

It is unnecessary to deal in detail with the classification of cupolas 
according to the kind of fuel they employ, since, as already stated, 
coke is almost universally adopted, though exceptionally charcoal, 
gaseous fuel, or even oil may be employed. 

The coke most generally used is oven coke of good quality, what 
is known as 72-hour coke being preferred in the United States. It 
should be bright and hard, low in sulphur, and should contain as 
little ash as possible. Retort oven coke, i.e, coke made in bye- 
product ovens, gives good results in the cupola, if it is free from 
excess of ash and sulphur. The question of strength is not so 
important in cupola practice as in blast furnace work. The con- 
sumption of fuel varies according to the efficiency of the cupola, the 
care of the melter, and more particularly with the quantity of iron 
which is melted per day. With good average work in the United 
Kingdom about 2\ cwts. of coke are required per ton of pig iron. 
This may be increased to more than twice as much with small 
outputs, while with especial care and large yields as low a fuel 
consumption as IJ cwts. per ton of pig iron is sometimes recorded. 
In the United States it is usual to return the fuel consumption or 
"melting ratio" in lbs. of iron melted per 1 lb. of coke, and in 
practice it is found that 1 lb. of coke should carry from 8 to 16 lbs. 
of pig iron. In some foundries considerable preventable waste of 
fuel occurs. One instance was brought under my notice some years 
ago where the coke consumption was over 12 cwts. per ton of pig 
iron melted. The gentleman who owned the foundry was attending 

^ For illustrated description, see F. Eohn, Iron and Steel Manufacture, p. 63. 

6 
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a course of lectures similar to those now being delivered, and at first 
doubted the correctness of my figures as to coke consumption ; but 
by merely directing proper attention to this point, and without 
introducing any special appliances, he was able to save more than one 
half of the coke, and yet obtain perfectly satisfactory results. In 
making comparisons it is important to state whether the blank 
charge used in heating up the cupola is calculated, and also if the 
test has been conducted over a sufficiently long period to allow of 
uniform results being obtained. 

Chemical and Physical Changes due to Semelting. 

It is well known to practical founders that grey cast iron, when 
remelted, either in the cupola or in the air furnace, becomes harder 
with each melting, until ultimately it is quite unsuitable for 
ordinary foundry purposes. So long ago as 1853, Sir William 
Fairbaim performed a series of experiments in order to ascertain the 
exact efi^ct of remelting. He took a soft grey iron containing 
upwards of 4 per cent, of silicon, and remelted it in an air furnace 
18 times, a sample bar being taken from each remelting. I am 
fortunately able to show a quantity of drillings taken from represent- 
ative bars prepared in this series of experiments, the samples having 
been preserved at the time by Professor Unwin. It will be seen that 
the turnings exhibit the general character of the silicon series, being 
very hard at the one end, somewhat hard at the other, and quite 
soft in the middle of the series. The conclusion at which Sir 
William Fairbaim arrived was that iron improved up to the twelfth 
melting, after which it rapidly deteriorated. 

On analysing the samples in 1886, I was able to ascertain the 
cause of the changes which took place. The result of the analyses is 
given in the following table : — 
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These results can be graphically represented as in fig. 24. As 
the proportion of sulphur is relatively small, and its efifect most 
important, the percentages of this element are, in the diagram, 
multiplied by 20. 

It will be seen from these results that during the remeltings the 
silicon steadily decreased, while the sulphur and combined carbon 
increased, the natural effect being that the metal gradually became 
harder, and when the 12th melting was passed became too hard, and 
was ultimately weak and brittle. 

It is interesting to compare fig. 24 with fig. 14, since it will be seen 
that there is a marked similarity in the direction of the changes. In 
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Fig. 24. — Changes in Composition due to Remelting Cast Iron. 

other words, starting with an open grain iron, and remelting, all 
grades can be obtained from open grey to quite white. 

The general principles observed in these experiments have been 
amply confirmed by many later investigators, and are of considerable 
importance, since the nature of the changes which take place in the 
remelting of cast iron in the air furnace are the same as those which 
take place in the cupola, the Siemens steel furnace, or the Bessemer 
converter. It is of course a fallacy to suppose that mere remelting 
either " improves or deteriorates the quality of the cast iron. The 
efifect of remelting will chiefly depend upon whether the iron already 
contains too much graphitic carbon and silicon. If so, remelting will 
be advantageous; if not, then remelting will be injurious. The 
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practical founder should remember that when grey cast iron is re- 
melted in the cupola it usually loses about 0*25 per cent, of silicon, 
and takes up about '03 per cent, of sulphur, so that in calculating 
foundry mixtures a suitable allowance must be made for the effect 
which remelting will produce. 

Moulds and Moulding. 

While the metal is being thus remelted in one part of the foundry, 
the moulds into which the fluid iron is to be poured are being prepared 
by the moulders in an adjoining shop. Moulds may be conveniently 
divided into four kinds, each of which is used for a special class of 
casting. 

(1) Green Sand Moulds. — These are the cheapest and most readily 
prepared, and are in use for the majority of purposes. They 
are made in a great variety of shapes and sizes, and of varied 
intricacy. The term "green" sand does not refer to the 
colour of the sand, but is used because the moulds are not 
specially dried or otherwise prepared, the sand being used in 
its raw or green state. The moulds are made in boxes or 
"flasks," which are retangular in shape and which in the United 
Kingdom are made of iron, though in America wooden flasks 
are commonly employed. The relative advantage of the 
two kinds has been much discussed. Iron boxes can be 
made in the foundry ; they last longer, and when done with 
can be remelted; the cost is therefore trifling. Wooden 
flasks, on the other hand, are lighter, and when worn out can 
be used for firewood. On the whole, light iron boxes are to 
be preferred where there is a constant demand for work of 
the same kind. The sand to be used for the preparation of 
the moulds should first be sieved to remove shots of iron or 
lumps, and should then be damped and thoroughly mixed. 
A suitable casting sand is fine in texture and refractory, and 
should absorb sufficient water to allow of its becoming firm 
when rammed or pressed, but must still retain considerable 
porosity, as upon this property the success of the casting 
largely depends. The sand should not be too wet, or it will 
interfere with the free exit of the gases, and either prevent 
the mould from being properly filled or lead to the produc- 
tion of blowholes. Before the mould can be made, it is of 
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course necessary to provide a suitable pattern of the article 
which is required. These patterns are generally made of 
wood, in a separate shop, by patternmakers.^ For special 
work, iron patterns are employed, and occasionally patterns 
are made of gun metal, of polished German silver, or other 
metal. In some foundries where there is a considerable 
variety of work, and some of the patterns may be repeated at 
only long intervals, there is a tendency for patterns to 
accumulate and to occupy a great deal of space. This should 
be avoided as far as possible, as it is better to make a new 
pattern when necessary than to store a number of old ones 
which require space and trouble for their preservation, and 
which, apart from the danger of fire, are often found to be 
more or less deteriorated when again required for use. 




«, board ; &, casting box ; c, simple patterns ; d, sand. 
Fig. 25. —Simple form of Patterns and Mould. 

Perhaps the simplest example of moulding is with castings 
such as are represented in fig. 25, where articles are 
required, one side of each of which is flat and the rest of the 
pattern contains no re-entering angles. In such a case the 
patterns are placed face downwards on a board, the flask is 
then put in position above the patterns as shown, sand is 
thrown into the box and lightly rammed. When the mould 
has been thus filled it is " vented" (by means of a tool like 
a steel knitting needle stuck in a wooden handle) so as to 
allow of the ready escape of gas. It is then inverted, the 
board removed, and the patterns gently tapped and taken 
out. A channel called the " git "or " gate " is provided, so 
as to allow the metal to enter the mould, and also, if necessary, 

^ The subject of pattern making is very important to the founder, but scarcely 
comes under the head of metallurgy. J. L. Gobeille has recently given an illus- 
trated account of a Modern Pattern Shop. — Jour, ATner. FoundrymerCs Assocn, , 
June 1903. 
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to pass from one part of the mould to another. A flat box 
filled with sand is clamped in position, to replace the board 
which originally held the pattern, and the mould is ready 
for pouring. In moulding it is of course essential that the 
sand should be rammed sufficiently to give an accurate im- 
pression of the pattern, but hard ramming should be care- 
fully avoided, as this not merely involves additional labour 
but renders the sand too dense and helps to produce blow- 
holes in the castings. 

The number of articles having flat sides, as in the above 
very simple illustration, is of course comparatively small, 
and usually the pattern is made in two (or more) parts, one 
of which is provided with pins, and the other with sockets. 




a and &, casting box, top and bottom 
halves ; e and ^, pattern, top and 
bottom halves ; e, casting sand ; 
/, gate. 
Fig. 26.— Simpfe Pattern and Flask. 



A, core ; 6, green sand ; C, separate 
part 

Fig. 26a.— Simple Cored Mould. 



One half of the pattern in such a case is placed on the 
board and rammed with sand as before. The box is then 
inverted, and the other half of the pattern is placed hi 
position ; a little fine sand, called parting sand, is then dusted 
over the surface of the mould so as to prevent any stic^king 
of the sand to the other portion of the mould which has still 
to be made. The other half of the flask is now placed in 
position; it is kept in place by pins or wedges, and is 
rammed as usual. When this is finished (see fig. 26), the 
upper part of the mould is removed, and should take with it 
the upper half of the pattern, one half of each pattern remain- 
ing in the upper portion of the mould. The patterns are 
then gently tapped and removed, the two parts of the flask are 
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placed in position again, and the mould is ready for use. In 
a great mq,ny cases, however, articles are required in which 
it is impossible, on account of re-entering angles or internal 
spaces, to make a pattern which could thus be divided into 
two parts. It is therefore necessary to make the mould in 
sections, as in the simple case shown in fig. 26a, where it is 
necessary for the part C to be separate from the main parts 
of the mould A and B. For parts which lie inside the pattern, 
but which are not intended to be filled with metal, cores are 
provided. These are usually made of green sand, and are 
kept in position by iron pins or other means. For small 
work, cores are often made by pressing sand in a suitable 
mould, such work being not urifrequently done by women. 
For larger purposes, as, for example, with the long cores 
which are required in the production of cast iron water pipes, 
cores are made by winding hay bands round a tube, and 
plastering them over on the outside with wet loam, to which 
a certain amount of dung is usually added in order to give 
porosity. The tubes round which the hay bands are wrapped 
are often made in segments, so as to be collapsible for ready 
removal after the metal has been poured. Loam cores must 
be carefully dried before being used, and for this purpose 
special drying ovens are provided in the foundry. In 
modem foundries drying ovens are now very commonly 
heated with gas, and small cores are dried on movable per- 
forated iron trays, which are made to slide in one above 
another until the whole oven is full. Hot air is also in 
favour for core drying. 

On accoimt of the cost and labour involved in the pro- 
duction of loam cores in pipe founding, many attempts have 
been made to introduce some other system of preparation. 
A promising step in this direction is the automatic pipe- 
core forming machine recently introduced by Mr W. Jones 
of Stourbridge, which is illustrated in fig. 27. In this 
machine a green sand core is formed upon an iron tube of 
suitable size, which is perforated in places so as to allow of the 
ready escape of gas. To cause the sand to adhere, in the 
first place the tube is covered with a clay wash, and the 
core is shaped by allowing the sand to fall upon the surface 
of the tube, while it is caused to rotate at the rate of about 
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seven revolutions per minute. A smooth steel edge serves at 
the same time to rub off any excess of sand, and to give 
the required shape. By means of an eccentric on the main 
shaft a reciprocating motion is imparted to this steel edge, 
which thus makes about 300 strokes per minute. The cores 
are produced in a clear and rapid manner, and can be 
at once used without drying; they appear to answer 
admirably for pipes of moderate size. 
(2) Dry Sand Moulds are used for special purposes in the foundry, 
the object generally being the production of a single cast- 
ing, without the cost of providing a pattern. The sand is 
first prepared of approximately the shape which is required, 
and while it is dry ajid comparatively hard, it can be easily 
cut or rubbed so as to give the exact form needed, and the 




Fig. 27. — W. Jones' Pipe Core Moulding Machine. 
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metal can be poured without any further special preparation 
of the mould, other than such facing as may be required. 

(3) Loam Moulds are used when large objects with curved sur- 

faces are produced, the commonest examples being sugar 
pans, cast-iron boilers, and similar articles. By this method 
a separate mould must be prepared for each article which 
is cast. It is built up roughly of brick-work in the first 
place, iron tie bars being used as required to strengthen the 
structure, which is then covered with loam, the surface being 
carefully finished to the desired shape. The mould is after- 
wards thoroughly dried before use. Loam moulding is 
relatively troublesome and expensive, and is. only employed 
when the shape required is such as cannot be conveniently 
produced by other means. A form of permanent mould for 
such purposes, which only requires the daubing on of loam 
and blacking for each casting, has been described by J. A. 
Murphy, and appears to give rapid and satisfactory results.^ 

(4) Cast Iron Moulds or Chills are used for many purposes in 

iron-founding, among the commonest examples of such 
application being those employed in the bedstead trade. 
When small castings are produced in chills, the upper portion 
of the iron mould is very commonly taken off after the iron 
is solidified, but while it is still red hot, as this prevents the 
chill being too sharp owing to too rapid cooling through the 
range of temperature of from about 900* to 700° C, where, as 
was seen in Lecture III., p. 54, there is an important separation 
of graphite during slow cooling. In producing chilled rolls, 
a composite mould is generally employed, the two ends 
being cast in green sand; and the centre portion of the 
surface of the rolls, where a hard wearing surface is required, 
being chilled. The weight of the chill should in all cases 
bear a suitable proportion to the size of casting to be 
employed. Chills are not used cold, but at a temperature of 
about 150° C. If chills are used at atmospheric tempera- 
tures a violent explosion may occur on account of the 
moisture from the air which is condensed upon the surface 
of the iron. If the chills are too hot, on the other hand, 
naturally there is the danger of the casting sticking to the 
mould. 

^ Jour, Atner. FoundrymerCs Association^ June 1903. 
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Machine Moulding. 

In foundries where a large nmnber of " repeat " orders, or orders 
of one kind, have to be executed, machine moulding is now very 
commonly applied, and is steadily growing' in favour, particularly in 
America. Moulding machines are only used for the production of 
green sand castings, and in such machines it is of course necessary to- 
use flasks and patterns as usual, but the machine largely reduces 
the labour, and increases the uniformity, when work of the same 
class is being continually turned out. Moulding machines cannot 
be used for intricate shapes or re-entering angles, but are especially 
suitable for work of a simple character which allows of the 
patterns being mounted on a board ; or, where the pattern can be 
divided into two parts and mounted, either on two sides of one 
board, as in one class of machine, or on two separate boards, as in 
another form of machine. 

Moulding machines answer admirably with patterns which are 
shallow, or when a number of small patterns can be grouped on one 
plate, when the mould is easy to ram, and when the rammed part 
can be easily withdrawn. In some . cases patterns have to be with- 
drawn with a special motion or at an angle. For such work machine 
moulding is unsuitable, as the machine will only lift vertically. 
Work having a good deal of detail, provided it is shallow, can be 
readily done with a moulding machine, as can also cylindrical sections. 
On the other hand, castings of great depth and intricacy, or those 
with middle parts, cannot be so successfully done with machine* 
as by hand. 

An interesting paper on the moulding machine has been 
published by S. H. Stupakoff^,^ in which paper the various mechanical 
methods adopted in such machines are outlined, and a useful classifi- 
cation is given. This may be abridged as follows ; — 

1. Moulding : (a) bench moulding, (b) floor moulding. 

2. Floor moulding : (a) loam, (b) dry sand, (c) green sand. 

3. Green sand moulding, (a) hand moulding, (b) .machine 

moulding. 

4. Machine moulding : (a) operated by hand, (b) operated by 

power. Hand moulding machines are then classified according 
as whether they are stationary or portable ; lever, screw, or 

^ Jour, Amer. Foundrymen*s Asaodation, June 1903. 



MACHINE MOULDING 



91 



geared ; single action or double action ; and according to the 
various methods employed for pressing, stripping, with- 
drawing, etc. Power driven moulding machines are also 
classified into single action, double action, and multiple 
action ; into belt driven, pneumatic, hydraulic, steam, electric 
and vacuum; and according to the methods of ramming^ 
r a.3 drawing, pressing; the kind of pattern used, etc. 
This classification will give some idea of the large number of 

machines which are now employed, and the very varied size and 

design which have been adopted. 




Fig. 28.— Shank Foundry Ladle. 

The subject of moulding machines has also been considered in an 
illustrated paper by E. B. Gilmour,i who points out that one great 
advantage of such appliances is the great economy of space and 
improved accuracy, as rapping and shaking are not necessary for the 
withdrawal of the patterns. In order to prevent the outer surface 
of the mould becoming too hard, owing to squeezing, it is well to 
place a loose frame, about 1^ in. thick, on the top of the flask, and 
when the mould is squeezed this frame is removed and the hard surface 
of sand scraped off the flask. 

^ J(mr. Amer, Foundrymen^s Association, June 1903. 
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Foundry Ladles. 

The mould having been prepared, and the metal melted in the 
cupola, the iron is tapped out as required into foundry ladles, which 
are made of wrought iron or mild steel, and lined with fire-clay or 
other refractory material, which is of course dried and heated before 
the ladle is used. The size and shape of the ladle will depend upon 




Fig. 29. — Lars;e Foundry Ladle. 

the work in hand. For small work, hand ladles are commonly used, 
but for the majority of purposes a shank carried by two men is 
employed. For still larger castings the ladle is handled as shown in 
fig. 28. For heavy castings a foundry ladle capable of holding 
several tons is necessary, and this is usually provided with wheels 
and run on a line of rails, as shown in fig. 29. In some cases the 
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ladle is carried overhead by a large traversing crane, but this is 
objectionable owing to liability to accident. In the iron-foundry of 
the British Westinghouse Works, Manchester, the fluid iron is carried 
on what is known as the Colbum trolley track, which consists of an 
overhead rail rolled to a suitable section in order to enable two 
trolley wheels to support the ladle shaft. The ladle is pushed by- 
hand, and this method of transport is stated to be extremely 
convenient. (See fig. 18.) 

Pouring and Pouring Temperature. 

Usually the metal is at a temperature above the proper casting 
heat when it is received into the ladle, and it may be necessary to 
wait a short time before pouring. It is important in the casting of all 
metals that the proper temperature of pouring should be selected, 
otherwise, if too high a temperature has been employed, the product 
is apt to have a rough surface, to be deficient in strength, and to 
contain blowholes. On the other hand, with too low a temperature 
the mould may not be properly filled. 

Cast iron is not so sensitive to the effect of variations due to 
pouring temperatures as some other metals, and herein lies one of 
its great advantages, in that castings are not so readily spoiled by a 
little want of care and attention. At the same time it is important 
that cast iron should be poured at the proper heat, and many 
of the minor troubles of the iron-founder are due to want of 
attention in this respect. It is, however, sometimes very difficult to 
ensure exactly the proper pouring temperature, as a number of 
moulds have to be filled out of the same ladle, and it is therefore 
necessary to begin pouring while the metal is a little too hot, while, 
at the finish, it is probably cooler than it should be in order to 
produce th« best effects. 

The proper temperature will, of course, vary according to the size 
of the casting, the general rule being that the smaller the work, and 
the more intricate the pattern, the higher must be the temperature, 
in order to obtain the required fluidity. In many cases it is 
necessary to provide two or more gates in a flask, as otherwise the 
iron would not retain its heat sufficiently long to flow into all parts 
of the mould. It is then important that the pouring should be 
properly timed, so that the iron should enter each gate at the same 
moment and so ensure the complete filling of the interstices of the 
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mould. When the casting is sufficiently cooled, the box is opened 
and the sand removed. A considerable amount of sand, however, 
closely adheres to the surface, and with small castings this is usually 
got rid of by means of a tumbling barrel, which is a revolving iron 
box, usually hexagonal in cross section, in which the castings are 
caused to rotate until their surfaces are clean. For larger castings a 
pneumatic sand blast is used with satisfactory results. 

Foundry Costs. 

The cost of producing castings will naturally vary very consider- 
ably according to locality, output, size, quality, and other considera- 
tions, so that it would be quite impossible to lay down any definite 
rules which would be of universal application. By comparison of 
returns obtained from a large niunber of typical foundries in 
America in 1901 it was ascertained that the average cost of 
producing 100 lbs. of castings was approximately 137 cents, or 
5s. 8Jd. This cost did not include rent, taxes, interest, deprecia- 
tion, or other variable charges, and was made up as follows : 
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From these figures it will be observed that the cost of the metal 
is more than one. half of the total, while the salaries, which 
presumably include wages, absorb over one -third of the whole 
expenditure ; the remainder of the costs added together do not reach 
10 per cent, of the total. In recent years there has been a distinct 
tendency towards increased foundry costs in American practice. 



Gommon Troubles of the Iron-Founder. 

Before leaving this part of the subject it may be well to refer to 
some of the many troubles which beset the iron-founder and to 
indicate their usual cause and remedy. 
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^1) Shut Ends. — This is the term employed when the metal, 
instead of filling the whole of the mould, has only flowed for 
a certain distance, and then stopped. Such defects are 
usually the result of want of fluidity in the iron, or, in other 
words, are due to the fact that too hard a metal has been 
employed. A small increase in the proportion of silicon, 
with a possible increase in phosphorus, and a reduction in 
sulphur and manganese, will put the chemical composition 
right. Pouring at too low a temperature, or want of proper 
venting, or too wet sand, will, of course, produce "shut 
ends," but these are mistakes which a little care and 
experience should prevent. 

(2) Eoiigh Surfaces. — These may be due to coarseness or want of 

refractoriness in the sand, but are usually caused by the 
metal being either too hot when poured, or too hard. As 
hard metal is thick when melted, it requires a higher 
temperature to ensure fluidity, and hence leads to rough 
surfaces. It is for this reason that silicon contributes so 
much to the smoothness of surface, and freedom from sand, 
in a casting. As Mr Keep points out, in small castings the 
liberation of graphite at the surface prevents the sand from 
burning on ; while with heavy castings the graphite is 
deposited under the scale, and causes it to peel ofi^, and leave 
a smooth surface. 

(3) Blowholes. — These are a constant source of trouble in some 

shops, while other iron-founders have very little difficulty in 
obtaining sound castings. The commonest cause of blow- 
holes is deficiency of silicon, hard white sulphurous metal 
being particularly liable to this defect. As previously 
mentioned, want of proper venting, or the presence of too 
much moisture in the sand, is also at times responsible for 
blowholes. 

(4) Sponginess or porosity is sometimes the cause of trouble, 

especially where the casting has to contain water under 
pressure. Occasionally cylinders are produced which are so 
porous that water, when under considerable pressure, passes 
through the metal sufficiently fast to form drops on the 
outside of the cylinder, or even to produce fine fountains of 
spray. Porosity is generally due to the presence of a high 
percentage of graphitic carbon in the special form of large 
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flakes, which are shown in fig. 49. When the carbon is in 
a finely divided state, as in fig. 52, there is usually no 
trouble in this respect. Porosity can be overcome by the 
addition of steel or wrought iron to the charge in the cupola, 
or by suitably adjusting the proportion of silicon. A special 
form of porosity is caused by contraction during cooling, in 
cases where there is a want of uniformity in the patterns, as 
shown in fig. 31. By distributing the same amount of 
metal in a different way, the formation of hollow portions 
such as are here indicated may be largely avoided. 
There are still two other important sources of trouble to the iron- 
founder, due respectively to shrinkage, and to faulty design. The 
causes of these defects are intimately connected, and they now 
demand consideration. 

The iron-founder sometimes seems to run on a vein of ill-luck. His 
castings, though they may appear to be quite perfect- when hot, will 
fracture with an audible sound when cooling, or develop cracks or 
fissures on being allowed to stand. It will usually be observed that 
fracture occurs at about the same part of the casting. Sometimes 
this happens when the pattern has not been altered, and when to all 
appearance the procedure is exactly the same as has been successfully 
adopted for weeks, or months, beforehand. Careful examination 
will, however, almost always show that the character of the iron has 
changed, and if the iron-founder is in the habit of taking shrinkage 
tests, he will have observed that the fractures, or "draws" above 
mentioned, have occurred at the time when the shrinkage of his 
metal was abnormally high. It must be remembered not only that 
high shrinkage in itself introduces additional strain in the casting, 
but also that metal with high shrinkage is hard, and consequently 
less ductile and more brittle than softer material. The usual remedy 
in such a case is the addition of a little more silicon to the foundry 
mixture ; or, conversely, a reduction in the proportion of sulphur 
and manganese. A reduction in the proportion of scrap charged 
with the pig iron will not unfrequently accomplish the same purpose. 
In some cases, however, draws are met with where the iron has 
remained constant, but the pattern has been altered. If it should be 
found that the iron is quite satisfactory for a certain number of 
patterns, while, with one or more patterns, draws appear, then it may 
naturally be presumed that the pattern is at fault and not the iron. 
Sometimes, what might appear to be perfectly harmless alterations 
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are made in the length or thickness of the patterns, so as to produce 
a different size, or to give additional strength. If in this way what 
may be called the " balance " of the pattern is interfered with, the 
casting is very apt to crack on cooling, even though the metal be 
tolerably satisfactory in composition. 

In order to understand this effect it is necessary to consider the 
condition of a specimen of cast iron during cooling. If, for example, 
we consider the case of a casting in the shape of a cube of one inch 
square, the outside will naturally cool and become rigid more rapidly 
than the inside ; but all the sides of the cube will be equally affected, 
and the result will be equal shrinkage in all directions. If, however, 
twelve such cubes are placed side by side so as to make a bar of 
twelve inches long by one inch square section, it will now be found 
that as the outside and ends cool more quickly than the inside and 
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A, fracture ; B, increased thickness. 

Fig. 30. — Diagram illustrating Cause 
of Fracture from Shrinkage. 



B indicates probable position of hollow 
place or sponginess due to irregular 
thickness. 

Fig. 31. -Diagram illustrating Cause 
of Spongy Part of Casting. 

middle, contraction will take place chiefly in the direction of length. 
As a general rule, therefore, it will be found that the thinner the 
casting the greater will be the contraction of length as compared 
with that which takes place in other directions. 

A simple illustration of the way in which fracture can be produced 
by altering the pattern is furnished by a rectangular casting shown 
in plan in fig. 30. If the original pattern, as indicated by the black 
and dotted lines, were satisfactory, but if for some reason the one 
side be increased in thickness as shown by the line By it is probable 
that during cooling a fracture would take place on the thin side, or 
at A, because the thin side would now contract more than the thick 
side, and cast iron is not ductile, and does not extend under stress. 

In following out the same idea, and starting from a simple pattern 
as shown in fig. 31, if the original uniform rectangular design be 

7 
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altered from the shape as indicated by the dotted line, so as to give 
a large mass of metal in one part, it is probable that during cooling 
a hollow part or spongy portion may develop somewhere towards 
the centre of the larger mass of the casting (as at B), since this 
portion remains longer fluid. Such places are frequently met with 
when there is a considerable change in the thickness of the pattern. 
There is yet another form of faulty design which is responsible for 
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Fig. 32. — Fractures of White Cast Iron, showing crystalline structure- 
after Outerbridge. 

weakness in iron castings, and which is connected with the crystal- 
lization of the metal during cooling. If, for example, some sulphur is 
melted and is poured into a mould and then allowed to cool slowly, 
it will be found on fracture to have developed a crystalline structure, 
and that the crystals have been formed at right angles to the cooling 
surface. Cast iron crystallizes in the octahedral system, and though 
its power to crystallize is not nearly so marked as in the case of 
sulphur, still, to some extent no doubt, the same influences are at 
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work, and there is evidence that, as a general rule, a crystalline 
structure at right angles to the cooling surface is set up in cast iron 
when it passes from the fluid to the solid state. This effect is most 
readily observed in cast iron which has been 
chilled, in which case a distinct crystalline 
character is often to be plainly seen, as 
illustrated in fig. 32. 

If now we consider a comer seen in the 
illustration given in fig. 33, it will be observed 
that the two sets of crystals cross on a line 
which bisects the angle, and where these p 
crystals meet a plane of weakness is de- 
veloped. For this reason cylinders should ^ 
never be cast with flat bottoms and sharp Fig. 33.— Diagram show- 
comers, as a comparatively moderate intemal ^"8 effect of sharp 
pressure will often force out the bottom of * ° 
such a cylinder in a single piece. In every case where strength is 
required, sharp comers, or sharp re-entering angles, should be 
avoided, and wherever possible a smooth contour adopted. There 
should also be no abrupt or unnecessary changes in the thickness. 



Note, — In connection with this portion of the subject, two recent articles on 
the Foundry may be read with advantage, viz., *' Modem Foundry Appliances," 
by Dr R. Moldenke, Gassier' s Magazine, vol. xxiii. p. 251, and *'The Equipment 
of the Foundry," by J. Horner, ihidf vol. xxiv. p. 486. Among larger works, 
'*The Metallurgy of Cast Iron,"byT. D. West, and "Modem Foundry Practice," 
by J. Sharp, may be consulted. 
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LECTURE V. 

Tests for Oast Iron. 

In iron-founding, as in other trades, regularity and trustworthiness of 
the product' are essential to success. The iron-founder should be 
able, if required, to continuously produce a large number of articles 
of regtilar and uniform character ; or, on the other hand, should be 
capable of making a special article of definite strength and texture 
when necessary. All kinds of suggestions have been made by in- 
terested persons with the object of supplying the iron-founder with 
special recipes, or quack medicines; but just as there is no royal 
road to knowledge, so also there is no royal road to regularity. 
The iron-foimder can only ensure imiformity by thoroughly under- 
standing the material he is using, and regularly applying suitable 
tests. These tests should be quantitative in character ; that is, such 
as can be expressed in quantities or figures. Qualitative tests may 
be useful at the time ; but to say that a metal is " hard," or " very 
hard"; or that it is "fluid," or "very fluid," is of very little value 
for the founder's own future reference, or for the guidance of others ; 
and until the values obtained can be expressed in figures, the iron- 
founder cannot claim that he has adopted any really scientific method. 
Only a few years ago, comparatively speaking, accurate tests were 
practically unknown in the iron-foundry, but recently great progress 
has been made. 

When considering the question as to the character of the tests 
which should be adopted, we are at once met with the important 
preliminary inquiry as to what it is that we desire to test; or in 
other words, should the test be made upon the iron as received, or 
upon the casting as sold ? Both systems have their defects and their 
advantages. It must, however, be acknowledged that it is extremely 
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difficult to arrange for a test on a finished casting which shall really 
represent its character. It is comparatively easy to test a sample of 
uniform material, such as mild steel, since it may be assumed that 
one portion of the material is very much like any other portion. 
But in the case of a large casting, a piece cut out from the middle is 
usually weaker than a piece taken from a thinner portion; while 
the strength of a fairly soft mixture steadily increases with a 
diminution in the size of the casting, so that the result of the test 
made upon a casting of varying thickness would depend upon the 
position from which the test pieces were selected. On the other 
hand, a test piece cast of the same metal, but in a separate mould, 
might be better or worse than the casting to be tested ; and, even 
when a test piece is cast on to a larger casting, it does not 
necessarily follow that such a test piece will truly represent the 
character of the whole. Mr R. Buchanan has pointed out, in an 
interesting paper, ^ that the test bar is often very unsatisfactory 
when regarded as a real test of the product, and that the most 
rational plan for this purpose is to test a certain proportion of the 
finished castings, either to destruction, or to such a point as may be 
considered sufficient to ensure safety. On the other hand, testing of 
the cast iron as received in the foundry, though no doubt of great 
assistance to the iron-founder, is no guarantee to the consimier that 
the product will be satisfactory, as the iron may be considerably 
changed as a result of remelting, or it might not originally have been 
suitable for the size and shape of casting desired. On the whole, 
therefore, it would appear that the iron-founder should, for his own 
information and guidance, conduct tests of the metal before it is cast. 
These tests may be made either of the pig iron received, or of the 
cupola metal just before pouring a mould. But for the satisfaction of 
the purchaser a certain proportion of the foundry castings should also 
be carefully tested, either to destruction, or to some agreed point. 

It must, however, be remembered that the object of the iron- 
founder is to make a living, and to do this he must be able to 
produce castings at a profit. Hence it is to his interest to discard 
any tests which are unnecessary, and to adopt only such as can be 
regularly performed without undue trouble or waste of time. He 
must also select those tests which are most likely to afford informa- 
tion as to the particular characteristics which are desired in any 
special case. A fairly complete scheme of tests, such as would be 

1 ** The False Witness of the Test Bar," Engineering Magazine, 1902, page 246. 
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adopted in any important scientific investigation, may be classified as 
follows : — 

(1) Chemical Tests. — Including sampling and the estimation of 

carbon, silicon, sulphur, manganese, and phosphorus, together 
with any other elements which may occur in quantities 
sufficient to appreciably affect the use of the metal for 
foundry purposes. 

(2) Physical Tests. — Including fluidity, density, grain, chilling 

properties, and shrinkage; transverse, tensile, crushing and 
impact strength ; hardness, and working and wearing qualities. 

(3) Thermal Tests. — Including determination of melting points, 

and of volume changes depending on alterations of 
temperature. 

(4) Sficroscopieal Examination. — 

These may now be considered in the above order, as fully as the 
limited space at our disposal will permit. 

Chemical Tests. 

In very large foundries, or in those which are connected with a 
blast furnace plant, a chemist may be regularly employed. As a 
general rule the founder is advised not to attempt to perform his 
own chemical analyses, as such determinations require considerable 
time and special skill. The sampling is, however, very commonly 
done at the foundry, and the importance of care and knowledge in 
this apparently very simple operation is generally overlooked. The 
common plan is to select a piece of a pig and send it to the analyst. 
This pig may not fairly represent the bulk, and no amoimt of care 
on the part of the analyst can make the results deduced from a bad 
sample other than misleading. 

The American Foundrymen's Association recommend that eight 
pigs should be selected from each car load of pig iron, two each from 
the upper and lower portion of each half of the car. These pigs 
should be broken so as to give a clean fracture, and the pieces 
should be put in a suitable box properly marked. Each of the 
pieces is now drilled on the clean face of the fracture in two places, 
halfway between the centre and the edge, a drill of large diameter 
being used. The drillings are then mixed on a sheet of glazed paper, 
and sufficient taken to supply as many samples as may be required. 
In case of very dirty or sandy iron a magnet may be used on the 
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drillings, before analysis, for additional safety. As the cars used in 
the United Kingdom are smaller, half the above munber of samples 
would probably be sufficient, in this country, to ensure equally 
trustworthy results. It should be remembered that the sulphur 
occurs in cast iron as sulphide, which appears to undergo oxidation 
on exposure to the air; hence drillings which have been kept for 
sometime give lower results than fresh drillings, if tested for sulphur 
by the evolution method. Both sulphur and silicon are unequally 
distributed in pig iron from the same cast, but they diflfer in the 
manner of variation ; for while silicon is pretty evenly distributed 
throughout any particular pig, it varies from pig to pig in the cast ; 
sulphur, on the other hand, is fairly equal in amoimt in each pig 
from a cast, but varies in diflferent parts of the pig, there being a 
tendency to accumulate towards the centre in hematite iron, but to 
be found more at the outside, and top, in manganiferous irons. 

The influence exerted by each element which is usually present in 
cast iron, and the proportions which are most suitable for particular 
purposes, have already been dealt with in Lecture III., and need not 
be here repeated. 

PhjTBical Tests. 

(a). Fluidity is of special importance when thin castings have to 
be produced. It can be quantitatively expressed by the length to 
which the metal will flow in a sand mould which is of standard cross 
section and of a length greater than can be run full by the most fluid 
iron which has to be tested. Mr Keep has employed for this purpose 
a thin strip 1 in. Xy^j- in. x 12 in. The head of metal should of 
course be the same in each test. Temperature is naturally an im- 
portant factor in this case, and the metal should be poured at that 
temperature which an experienced caster regards as the best pouring 
heat for the class of iron employed. If a pyrometer is used it must be 
remembered that the proper pouring heat is not identical for all kinds of 
cast iron. We have therefore the difficulty that if all irons are poured 
at the same temperature some do not get a fair chance, while if they 
are poured at different temperatures comparison is scarcely possible. 

{b). Density, — This is determined in the usual way by observing 
the amount of water or other suitable liquid displaced by a known 
weight of metal. In my own experiments check determinations were 
made by weighing pieces of the metal in water, and also turnings 
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in parafl&n oil. The results agreed fairly well, except with hard 
metal, which usually contains more blowholes, and which was there- 
fore lighter in the larger pieces than in smaller fragments. Speak- 
ing generally, hard metal is more dense, and soft metal lighter, 
strong cast iron having a density of about 7*35 at 20**C. when water 
at th£ same temperature is taken as unity. 

(c). Chain is the structural appearance observed on examining a 
freshly fractured surface. In pig iron it is expressed, as explained 
in Lecture II., by the grading number. In castings the grain may 
be observed through a double convex lens, with a focal distance of 
three-quarters of an inch, as suggested by Mr Keep. Such observa- 
tions have, however, become less important in recent years in view of 
the much fuller information now supplied by photomicrography. 

{d). Depth of Chill, — This is of importance where a hard surface is 
required. It is measured by casting a piece of suitable size with 
the end or side against a chill. The casting is broken when cold, 
and the depth of chill is measured in inches. In Keep's tests, 
subsequently described, the usual size of test bar is 1 foot long by ^ 
inch square section. These bars are cast between chills placed at 
each end (see fig. 34), and one end of the bar afterwards is fractured 
longitudinally, so as to expose the chilled portion. This is done by 
placing the point of a cold chisel a little behind the chilled part, when 
a blow from a hammer will split off a side of the bar. The depth of 
chill is then measured in hundredths of an inch. No. 1 iron will give 
no chill ; iron for thin castings gives only about \ in. chill ; strong 
castings give up to half an inch ; white iron is of course all chilled. 
For ordinary foimdry work larger test pieces are generally used, such 
for example as 10 in. x 6 in. x 1 in., and these are fractured across the 
middle so that the chill and grain may be observed. In a good chilling 
iron the passage from white to grey should not be too abrupt ; au 
intermediate mottled part indicates greater toughness and strength. 

Shrinkage. — It is a matter of common knowledge that iron 
shrinks in passing from the temperature of solidification to that of 
the atmosphere. Consequently castings are smaller than tlie 
patterns from which they are made, and it is usual when making a 
pattern to allow one-eighth of an inch to the foot, or 0-125 in. in 10 
in. in order to obtain the required size. It is also known that some 
irons shrink more than others, and that in all cases the contraction is 
greater in the direction of length than in that of thickness. There 
is, however, no property which is more easily measured, or which. 
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when understood, gives more important information than shrinkage. 
As we are indebted to Mr W. J. Keep for much accurate information, 
both as to the total shrinkage of cast iron, and also as to the inter- 
mediate stages by which the final result is reached, it will be necessary 
to give a brief outline of " Keep's Tests," and of some of the conclu- 
sions to which this method of investigation has led. ♦ 

The primary idea underlying this method of testing is that it is 
impossible to get any size or shape of test bar which shall accurately 
represent the properties of the metal in the actual casting. So 
much depends on the grain of the iron, and this is in turn so largely 
dependent on the rapidity of cooling, and hence on the size of the 
casting, that no standard size can be adopted which shall exactly 
correspond with the castings which have to be produced in actual 
practice. For example, if a tolerably soft iron be cast in bars of 
decreasing size, say of 2 in., 1^ in., 1 in., | in. and J in. square 




Fig. 34.— Keep's Test Bars, Patterns, Chills, and Follow-board. 

section, it will be found that the strength per unit area increases 
as the size decreases, even though every possible care be taken 
to ensure uniformity in composition and in conditions of casting. 

In view of the above, Mr Keep introduced a series of tests intended 
to give as much information as possible as to the physical properties 
of the sample, and yet to be simple, rapid, inexpensive, as far as 
possible self-recording, and still of such a character as could be carried 
out without interfering with the regular routine of the foundry. 
For ordinary purposes the test bars employed are quite small, though 
for special observations larger test bars may be employed with 
advantage. The normal size is, however, 12 in. in length, and 
half an inch in square section. Two or more such bars are cast at 
the same time, and these allow of determinations of shrinkage, chill, 
transverse strength, deflection, and impact. 

Returning now to shrinkage, which is the simplest and yet for 
many purposes the most important test, the method of operation is 
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briefly as follows : — For the production of the mould an iron foUow- 
board containing brass patterns for two test bars, each 12 in. x ^ 
in. is employed (see fig. 34). The bars are cast horizontally, as an 
extended series of experiments has shown that better and more 
uniform results are obtained in this way than when the moulds are 
vertical. Iron chill blocks are placed at the end of the patterns, and 
the metal enters on the under side of the test bars, a skim gate being 
provided. The flask in which the mould is made is shown in fig. 34a. 
The mould is prepared with good quality green sand, without facing. 
In order to prevent rusting, the chills should be moistened before and 
after use with kerosene, and the patterns must not be rapped, but 
withdrawn so as to leave the mould the exact size of the pattern. 
As it will usually be desired to conduct several tests at one time, or 
at all events to be able to do so when necessary, several sets of 
chills are provided, and as these may slightly vary, they should be 




Fig. 34a,— Flask for Test Bars. 

marked, and a corresponding mark be made at one end of the 
bottom of the mould with every test. 

When the bars are cast and cooled they are placed on the foUow- 
board, with the chills, in exactly the same position as the patterns 
lie (see fig. 35). The taper scale shown in fig. 36 is then inserted 
between the end of the test bar and the chill, and the mark on the 
wedge, which appears just at the surface of the bar, indicates the 
shrinkage in himdredths of an inch per foot of casting. The measure 
of shrinkage so obtained is termed by Mr Keep the "Mechanical 
Analysis " for silicon. Such a test does not actually give the per- 
centage of silicon, but from a practical point of view it does more 
than this. It gives an indication of the net softening constituents 
which are present, while analyses only return the hardening and 
softening elements, and leave the founder to draw a more or less 
uncertain conclusion. On the other hand, if the founder has once 
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determined the shrinkage which best suits his own class of work, which 
may be, say, 120, 130, or 140 thousandths of an inch as the case may 

be, he then knows at once that 
if his shrinkage test is higher 
than usual, his silicon should 
be increased, while, on the 
other hand, the silicon should 
be diminished if the shrinkage 
is less than the standard. 

If it be desired to test the 
metal as purchased, a sufl&cient 
quantity of pig iron should be 
remelted in a closed crucible ; 
but ordinarily metal is taken 
from the cupola in a small 
ladle. The moulding and 
casting are, of course, quite 
simple operations, and the measurement of shrinkage can be done in 
a single minute, without the slightest injury to the bar, which is still 
available for other tests. ^ 

Transverse Tests, — The usual bar adopted in this neighbourhood 




Fig, 35. — Measuring Shrinkage. 



Fig. 36.— Taper Scale for Shrinkage. 

for transverse tests is rectangular in cross section, the size being 
2 in. X 1 in. and the supports 3 ft. apart. Convenient machines, of a 
simple type, are specially supplied for testing such bars. The results 
are expressed in cwts. and the extreme variations are from about 5 
to 45. Common irons give about 20 cwts. with such a test bar, 
while for better class castings 30 cwts. is specified, and 40 cwts. and 
upwards can be exceptionally obtained. Sometimes, too, a time test 
is specified, the bar being loaded for 24 hours with 20 cwts., and 
afterwards tested to destruction, and no doubt such tests give 
additional security to the engineer. It is observed that bars cast at 
a higher temperature usually give better tests than usual, and this 

1 MrT. D. West distinguishes between ** shrinkage" and "contraction," the 
former being used when the metal is still fluid and the casting has to be **fed," 
and the latter when the iron has solidified and is cooling to atmospheric tempera- 
ture. Amer, Inst. Mining Engs.^ Feb. 1896. 
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should be borne in mind by those who wish to obtain an honest 
result. It is perhaps unnecessary to refer to tricks, such as the 
addition of steel turnings, which are resorted to by unprincipled 
men when test bars are required for purposes of inspection. 
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In Keep's tests transverse strength is measured on the 12 in. by 
I in. bar in a special machine, which is diagrammatically represented 
in fig. 37. The bar is fastened, with the gate mark underneath, in 
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flexible end bearings, and the weight is applied in the centre of 
the top of the bar. A sheet of paper is placed behind the test piece, 
and is automatically moved as the weight is added. At the same 
time, by means of a pointer, the deflection of the bar is multiplied 
fivefold, and the result of the double motion is the production of an 
automatic record of the deflection, which is of value as indicating the 
stiffness or brittleness of the bar. A machine of full size for scientific 
purposes, and capable of testing bars up to 24 in. by 1 in. square 
section, is shown in fig. 38. 

The ductility of cast iron is so small as to be usually almost in- 
appreciable by ordinary tests. The deflection test, however, indicates 
considerable differences with irons of varying character. In a ductile 
material under transverse test the upper portion of the bar is in 
compression while the lower part is in tension. A high transverse 
test therefore indicates combined crushing and transverse strength, 
and no doubt this is the reason why transverse tests are so much in 
favour with chilled roll makers and others who require a strong close 
grained iron capable of resisting shocks. For softer material I have 
found tensile tests give very satisfactory results. 

Tensile, Crushing^ and Impact Tests are chiefly adopted by 
engineers, or in connection with engineering establishments, where 
facilities exist for conducting similar tests on other materials. The 
size and shape of the test pieces adopted varies considerably, the 
important point to be remembered being that on account of the very 
small ductility of cast iron, any want of directness in the pull with 
the tensile machine, or want of fair bedding in the crushing test, 
will lead to low and irregular results. Small variations of this kind, 
which would be without appreciable result in testing mild steel, 
would quite vitiate the value of a test as applied to cast iron. 
For impact tests Mr Keep employs bars of the usual size, which are 
broken in a special machine by blows from a swinging weight of 
100 lbs. There is a curious fact in reference to impact tests 
which was discovered by Mr A. E. Outerbridge, and confirmed by Mr 
Keep, namely, that bars which have been smoothed on the surface by 
blows from a hammer, or which have been tumbled in a tumbling- 
barrel, are stronger than companion bars which have not been so 
treated. There is also a slight alteration in length under such 
treatment, which points to some rearrangement of the particles, and 
a relief of a condition of strain which exists in the original castings. 
(See Keep's Cast Iron, p. 153, and note on p. 131.) 
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The tensile strength of cast iron usually varies from about 4 to 
16 tons per square inch ; the average for common iron is about 7 tons, 
while for selected brands about 11 tons is a fair value. Several 
cases are on record where a tensile strength of upwards of 20 tons, 
per square inch has been obtained with cast iron. Professor Ledebur 
is in favour of tensile tests for cast iron, and my own experience has 
been that where a complete system of testing cannot be applied, no 
other test gives more satisfactory results. The average crushing 
strength of cast iron is about 40 tons per square inch ; 60 tons can 
be regularly produced if required, while upwards of 95 tons per 
square inch has been recorded. Further particulars and details of 
tensile and crushing tests are given in my Metallurgy of Iron, 
p. 234 et seq,, and these may be consulted by those specially 
interested in this branch of the subject. 

Hardness of Cast Iron, — There are few properties of a metal which 
are, in actual practice, more important than its hardness ; yet there 
are few properties which are so little understood or so seldom 
quantitatively measured.^ It is almost more important to determine 
what is to be measured than how it is to be done, since hardness is 
so commonly confused with tenacity, brittleness, and " workability." 
Hardness may be defined as the property which enables a substance 
to resist penetration by another body ; or in practice as the resist- 
ance to a cutting tool. In tests of hardness in which a cut of 
appreciable depth is taken, the metal is torn asunder and tenacity 
comes into question. In tests of another kind, where an indentation 
is produced, both tenacity and ductility play important parts in 
determining the result. In grinding tests the softest metal may 
clog the grinding surface, so that a harder material will grind more 
quickly. Theoretically I regard the mineralogical test as being the 
best for the determination of what may be called true hardness, and 
upon this method the instrument used in my own researches, 
called a sclerometer, is based. This apparatus is shown in fig. 39, 
and consists essentially of a diamond point fixed at the end of a 
balanced arm, and arranged so as to be drawn over the smooth 

^ See the Author on ** Hardness of Metals,'* Chem, NewSf toI. Iv. pp. 179 et 
seq. M. F. Osmond, Reports (in French) on ** Hardness ; its Definition and 
Measare," and ** Tests by Penetration and by Scratching," presented to the 
Commission des M^thodes d'Essai des Materiaux de Construction, Paris, 1892. 
Also Brinell's "Method of Determining Hardness," Joum. L and S. Inst., 
1901, vol. i. p. 243 ; vol. ii. p. 234. 

8 



114 



LECTUKE8 ON IRON-FOUNDING 



horizontal surface of the piece of metal or other material to be 
tested. The weight in grams required to produce a standard 
scratch is taken as the measure of the hardness of the substance. 
The hardness of cast iron, as thus measured, varies from about 
22 to 72, and the results agree with the observations of a skilled 
workman. It is found that metal of high tensile strength, specially 
suited for engineers' purposes, is always soft good working material, 
while very hard metal is, conversely, deficient in strength. 

Keep's Hardness Machine. — From the practical point of view the 
sclerometer has certain disadvantages which have prevented its more 
general adoption. In the first place, the record is not autographic, 
and some special skill is required in determining the standard scratch. 
Further, only the outside of the sample is tested, and the interior may 




Fig. 39. — Tunier's Sclerometer. 



be quite different in character, though this difficulty may frequently 
be surmounted by the use of sufficient samples properly selected. 
Many other forms of apparatus have been suggested ; of these one, 
which is of special interest to the iron-founder, has been introduced 
by Mr Keep, and is represented in fig. 40. With this apparatus the 
object is to measure the workability of the metal, and to obtain an 
automatic record from a test conducted through a determined thick- 
ness. The apparatus consists essentially of three parts — 

(a). A standard f-in. drill, working at 200 revolutions per minute, 
and arranged so as to enter the test piece from below and drill 
upwards. A tray is provided into which the drillings fall if they 
are required for analytical purposes. 

(b), A table to which the test piece is clamped. This table may 
be raised or lowered, as desired, by the hand wheel at the top of 
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the machine. From the table is suspended by means of four rods 
a .weight which is adjusted so that the total weight on the drill 
point is 150 lbs., including the weight of the test piece. 

(c). An autographic recorder consisting of a curved paper-holder, 
upon which moves a pencil which is connected with the table with 
steel ribbons and a ball 
bearing arm. 

Briefly, therefore, the 
automatic record is that 
of a standard drill 
pressed with a weight 
of 150 lbs. and making 
200 revolutions per 
minute. A diagram 
taken from Mr Keep's 
Cast Iron will serve to 
illustrate the character 
of the results obtained 
(fig. 41). The record 
of hardness is a line 
lying between 0' and 
90°, the former being 
a material perfectly soft, 
such as a liquid ; and 
the latter a substance 
too hard to be cut with 
the steel drill. In the 
diagram on the left, the 
bar used (which was 
^-in. square in each 
case) had two hard 
spots, one of which was 
too hard for the drill to 
penetrate. The hard 
portions are indicated 
by the more vertical 
direction of the line. In the middle diagram, on the other hand, 
the drill during its course passed through a spongy part towards 
the centre of the bar. The line on the right is from a metal of 
imiform character and moderate hardness. 




Fio. 40,— Keep's Hardness Testing Machine, 
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Mr Keep is careful to point out that such tests do not distinguish 
between hardness and tenacity. At the same time, by whatever 
name the property which is measured is called, it is one which is of 
the greatest possible importance in practice. For want of a better 
term it may be called workability. In some cases where the 
wearing power of cast iron has to be tested, blocks of the metal 
under test are attached to some portion of the machinery which is 
in regular motion, and are thus caused to rub backwards and 
forwards, under definite pressure, for a determined n\unber of 
times — the number being hundreds of thousands or millions if 




2J<-5<*deepliol«. 

Fig. 41. — Keep's Hardness-Machine Diagram. 

necessary. Such a test takes several weeks to carry out satis- 
factorily, but is stated to give excellent results. 



Thermal Tests. 

Melting Points. — It is known that the melting point of cast iron 
varies according to its composition, some varieties requiring about 
200° C. higher temperature than others. The iron-foimder would, 
however, not attempt to make tests of this description himself except 
in very special cases, as, for example, where a suitable pyrometer is 
used for other purposes in the establishment. A form of instrument 
which can be recommended for the purpose is the thermo-electric 
pyrometer of H. Le Chatelier, with an automatic recording attach- 
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ment, such as the photographic recorder mtroduced and used with 
such brilliant results by the late Sir W. Roberts-Austen.^ 

Volume Changes due to Temperature. — To Mr Keep we are also 
indebted for much valuable information in relation to the changes 
which take place during the cooling of cast iron from the moment 
of solidification until it reaches the ordinary temperature of the 
foundry. In connection with these researches a special form of 
apparatus was employed for automatically recording the expansion 
or contraction which takes place during the cooling of a bar of cast 
iron after it has commenced to solidify. For this purpose the cast- 
ing is made in sand, in a special box (see fig. 42), and two steel pins 
are placed in the mould at a fixed distance apart. As the metal 
cools these pins move inwards or outwards, and their motion, when 




Fig. 42.— Keep's Cooling Curve Recorder. 

magnified, is communicated to the point of a pencil which moves on 
the surface of a sheet of paper fixed on a rotating cylinder. In this 
way autographic records can be readily obtained. In examining the 
record obtained from metals such as tin, lead, or copper, it will be 
found that the curve is a uniform one, due to the regular contraction 
of the metal from the temperature of solidification to that of the air 
(see fig. 43). With cast iron, however, the shape of the curve is 
quite diflferent. White cast iron behaves more or less like the metals 
previously mentioned, the deviations from the regular form of the 
curve being relatively sroall; but with grey cast iron there are 
definite points of arrest in the shrinkage, and at these points actual 
expansion takes place. The character and amount of the expansion 
varies with the composition of the iron to be tested. Speaking 

* Introdtution to Metallurgy ^ 6th edit., p. 194. 
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Fio. 44.— Cooling Curves of Cast Iron with different Proportions of Silicon. 
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generally, the greyer the iron, and the richer in silicon, the more 
pronounced is the expansion. In very grey iron there are usually 
three separate expansions noted. This is illustrated in fig. 44, in 
which are given a number of autographic records of iron with varying 
proportions of silicon. These expansions no doubt account for the 
well-known fact that soft iron does not contract during cooling as 
much as white or harder metal.^ 

A point about these experiments which is particularly interesting 
is that Mr Keep has definitely proved that the separation of graphite 
is not completed when the metal first assumes the solid state ; but 
that such separation continues while the solid metal is cooling. 




Fio. 45. — Cooling Curves from Grey Cast Iron. Showing three ex{>ansion8, and diminution 
in combined carbon, on cooling from the point of solidification. 

This was proved by casting a suitable number of samples side by 
side, and quenching them, one after the other, in cold water, at regular 
intervals of time, so as to ascertain the condition at varying stages 
during the cooling process. It was then found that the percentage 
of combined carbon in the series diminished from 0*60 before the first 
expansion, to 0*06 when the third expansion had taken place. This 
is illustrated in the special diagram given in fig. 45. The tempera- 
tures corresponding to these expansions were not determined, but the 
bar after the third, or last, expansion was still quite visibly red hot. 

^ For a summary of these experiments, see Keep's Cast Iron (Chapman and 
Hall), a book which can be recommended to the careful i)erusal of every 
foundiyman. 
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It may be mentioned that Mr 0. F. Hudson has, at my sugges- 
tion, recently conducted some experiments with cast iron, and has 
observed that the cooling curve for No. 1 Northampton grey pig 
iron shows three distinct points of retardation at temperatures of 
about 1115**, 955°, and 860° C. These curves were, by the kind 




Fig. 46. — Pure Iron. Magnification, 75 diameters. Ferrite. The dark areas 
are due to reflection ; they appear light on rotating the specimen. 

permission of Dr T. K. Rose, taken in the laboratory of the Royal 
Mint. 

The Micro-Structure of Ca^t Iron. 

The application of the microscope to the testing of iron and steel is 
due to Sorby ; later workers, such as Arnold, Osmond, Roberts- Austen, 
Stead, and Sauveur, have done much to extend and improve our 
knowledge of this important branch of metallurgy. The samples 
which are to be examined are first very carefully prepared by 
smoothing the surface with a fine file or emery wheel, polishing with 
very fine emery or rouge, and etching with nitric acid of 1 '2 density. 
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or with some other agent which attacks the different constituents 
unequally. The etched surface is finally washed, dried, and ex- 
amined. The usual range of magnification is from about 40 to lOOO 
diameters, and the light is reflected from the surface, generally in a. 
vertical direction. For cast iron a magnification of about 50 
diameters is suitable, as this shows the structure with sufficient 
clearness for all ordinary purposes, without being too detailed ; a 
higher power is necessary in order to bring out the characteristic 
structure of pearlite. The accompanying photographs, which have 
been prepared for me, in the laboratory of the University of Bir- 




Fio. 47 —Pearlite, 1000 diameters (Osmond). 

mingham, by my colleague Mr 0. F. Hudson, will serve to make 
clear some general principles. 

Special attention has been devoted by metallographists to the 
study of steel, and partly from this reason it may be convenient to 
regard white cast iron as a highly carburized cast steel. It is found 
on examining a prepared surface of pure iron that a characteristic 
cellular structure is obtained (see fig. 46), to which the name " ferrite " 
has been given. With gradually increasing proportions of carbon, 
dark-coloured portions are observed near the edges of the ferrite 
crystals, and these dark parts gradually increase in area imtil, with 
about 0'9 per cent, of carbon in ordinary unhardened steel, the 
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whole field is covered with the dark-coloured substance. This, when 
much more highly magnified, is found to be made up of alternate 
bright and dark portions (see fig. 47), which with reflected light can 
be made to yield a pearly lustre, and to which the name of 
"pearlite " is applied. This pearlite is the solidified eutectic mixture 
of pure iron and carbide of iron, and contains, as before mentioned 




Fig. 48. — Specially Pure White Cast Iron. Magnification, 75 diameters. 
A hard brittle material, prepared by heating wrought iron with charcoal. 
Shows pearlite (dark) and cementite (light). In this case the pearlitic areas 
are large. Composition as follows : — 

Total Carbon (combined) . . . 2*25 per cent. 



Silicon 
Phosphorus 
Mansanese . 
Sulphur 



•07 
•06 
•05 
•03 



about 0*9 per cent, of carbon. With more carbon a imiform bright 
substance appears to separate out of the mass in yein-like portions, 
which gradually increase as the carbon rises, until this carbide, or, as 
it is called, " cementite," is seen to form the real ground base from 
which more or less pearlite has been separated (see fig. 48). With 
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some 2 per cent, and upward of carbon we have this characteristic 
white iron structure, which consists of a white ground-work of 
cementite, upon which is very plainly marked a dark more or less 
fern-like pattern of pearlite. 

The appearances observed with grey cast iron are, as might be 
**aticipated, not merely quite different from what is seen in steel, or 
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Fig. 49. — Swedish Grey Pig Iron. Fl.M. brand, used by Mr W. J. Keep in his 
experiments. Magnification about 75 diametera. Shows coarse-grained 
graphite ; a soft and relatively weak iron of the following composition :— 

Graphitic Carbon . . .3*22 

Combined Carbon . " . . '3.3 



Silicon 
Phosphorus 
Manganese . 
Sulphur 



3-55 per 


cent 


. 1-25 


it 


•08 


a 


. -09 


»» 


. -04 


>» 



in white cast iron, but there are also very marked differences in 
various kinds of grey iron. Examining first a specially pure grey 
iron, the Swedish F1.M. brand used by Mr W. J. Keep as the base in 
his important series of experiments, we find (fig. 49) that the metal 
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is intersected by dense black curved lines of separated graphite. 
This graphite is of what we have termed the coarse-grained variety ; 
the metal itself contains 1^25 per cent, of silicon, but otherwise is* 
nearly pure iron, and the material as a whole is relatively soft and 
weak. Turning next to a sample of a much less pure pig iron, 
containing phosphorus and silicon (fig. 50), we have a markedly 




Fio. 50. — No. 2 Northampton Pig Iron. Magnification, 75 diameters. Polished 
and deeply etched so as to show the coarse-grained graphite. A soft, weak 
iron of the following composition : — 

Graphitic Carbon . 
Combined Carbon . 

Silicon 
Phosphorus 
Manganese . 
Sulphur 



. 2-70 
. •lO 




• 


2*80 percent. 

3-84 

1-26 
•66 „ 
•05 „ 



different structure. Here the coarse-grained graphite is again quite 
evident, and exists in large distinctive plates. Surrounding the 
graphite is the iron containing silicon; while in the more central 
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portions of each area enclosed by graphite will be seen, faintly out- 
lined, the phosphorus eutectic. This is more plainly seen in fig. 51, 
which is a sample of the same iron, but etched so as to show the 
phosphoric portion. This will be seen in the centre of each area 
as a white portion, which no doubt separated out last, and which 
consists of the hard, brittle, phosphorus eutectic. This sample as a 
whole is a soft fluid iron, which is, however, wanting in toughness and 




Fig. 51. — No. 2 Northampton Pig Iron. Magnification, 75 diameters. More 
lightly etched, so as to show the separation of the more fusible and brittle 
phosphorus eutectic — the light part in the photo-micrograph. 



strength owing to the large size of the graphite and to the proportion 
of phosphorus which is present. It is not easy, at present, to 
recognise silicon under the microscope, and in connection with this 
subject we have experiments in progress. Turning now to the next 
of these micro-photographs (fig. 52), it will be at once seen that the 
appearance is altogether different from any of the preceding ; the 
structure being much more uniform, and the graphite much smaller 
and less defined. This sample is representative of a material which 
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is almost ideal for many purposes of the iron-founder. It is a 
portion of a test bar, prepared in my experiments in 1884, which 
yielded the highest tensile strength (15*7 tons per sq. inch) of the 
whole series. It was a close-grained, sound, soft, tough iron. It 
will be seen that the graphite was in a state of fine division and 




Fig 52. — Specially Strong Soft Iron. Magnitication, 75 diameters. This 
sample was prepared in 1884 in connection with the author's experiments on 
silicon in cast iron. It gave the maximum tensile strength of the series 
(157 tons per sq. ih. ). It shows uniformly distributed, fine-grained, graphite, 
with some cementite. Its composition was as follows : — 



Graphitic Carbon 
Combined Carbon 

Silicon 
Phosphorus 
Manganese . 
Sulphur 



1-62 
•56 



2*18 percent. 
196 

•28 

•60 „ 



uniformly distributed, corresponding to the temper graphite obtained 
in malleable cast iron (see fig. 53). No doubt to this fact, in great 
part, the excellent properties of the metal were due. The relatively 
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high combined carbon also imparts a somewhat steely character to 
the sample, and it may be mentioned that under a higher magnifica- 
tion pearlite is plainly discernible. 

The examples which have been given will serve to illustrate the 




Fig. 53. — Malleable Cast Iron. Magnification, 75 diameters. Showing temper 
graphite ; finely divided and pretty evenly distributed. 



general character of the microscopic method of testing as applied to 
cast iron, and will enable those who have not yet had experience 
of this line of investigation to appreciate how important such 
observations may become to the practical man. 
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NOTE ON THE CONDITION OF GRAPHITE IN 
CAST IRON. 

The conditions under which graphite separates from cast iron have 
been recently studied by Charpy and Grenet^ from the point of view 
of the equilibrium of iron-carbon systems. In these experiments 
white cast iron, free from graphite, was prepared by taking the purest 
material available, so far as elements other than carbon and silicon 
are concerned. This metal was cooled in cold water so as to be quite 
free from graphite. It was then heated to ascertained temperatures 
for varying periods. The conclusions arrived at were, that as the 
proportion of silicon increases, the temperature at which graphite 
separates decreases ; that when separation has once begun at a given 
temperature it may continue at a lower temperature ; that when 
graphite is separated at a constant temperature the rate of separation 
is greater at high than at low temperatures, and greater also with 
more silicon. It was also concluded that the amount of combined 
carbon which corresponds to equilibrium at a given temperature 
diminishes as the portion of silicon increases. In these experiments 
two critical points were determined for heating white cast iron, 
namely, about IjlSO^C, which is believed to be due to the re-solution 
of Martensite (though if this be Martensite-graphite or Martensite- 
cementite appears to the authors to be doubtful), and about 700** C, 
which is believed to be due to the re-solution of pearlite. 

Professor Howe^ has also recently, in a very suggestive and 
thoughtful manner, discussed the conditions under which graphite 
separates from cast iron, and this may be read with advantage by 
those desirous of further information on the theory of the subject. 

My own views on the separation of graphite may be briefly 
summarized as follows : — At the moment of solidification of grey iron 
graphite separates, chiefly in flakes or scales, which give openness 
of grain and softness of texture. At lower temperatures carbon 
separates, chiefly as finely divided, or temper graphite, which gives 

^ Bulletin de la SocUU (TEncouragement, March, 1902. * Engifieering,* Vol. 73, 
p. 626. 

2 Iron, Steel, and other Alloys, p. 276 et seq, 
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softnesa, combined with closeness of texture and strength. All strong 
irons contain a considerable proportion of temper graphite, as is 
seen in the photo-micrograph of the strongest iron (15*7 tons 
tensile) obtained in my silicon experiments of 1885 (see fig. 52). 
Silicon, in due proportion, not merely leads to the separation of 
graphite, but of graphite in the temper form, and hence to the 
production of strong iron. This separation takes place after the 
metal is solid, but while it is sufficiently plastic to allow of expan- 
sion by the extruded graphite ; or while, in other words, it is in the 
semi-solid state. 

Hitherto there has been no method in use for the determination of 
the size of the graphite in cast iron, though this is a very important 
question in connection with the strength and working properties of 
the material. A great deal of information on this point can be 
obtained by the use of the microscope, and by the comparison of a 
number of samples of known composition and properties imder the 
same magnification. In this way the eye rapidly becomes trained 
to recognise the different kinds of graphite, and the observer can at 
once distinguish a hard iron from a soft one, or a weak from a strong. 
Photographs illustrating characteristic varieties of graphite in cast 
iron have already been given at the end of Lecture V. 

I have also found it possible to quantitatively separate graphite by 
sieving. For this pxirpose about 250 grams of the pig iron to be 
tested are taken in the form of small lumps, and repeatedly extracted 
with hydrochloric acid so long as any iron dissolves. The residue is 
then oxidized with hot dilute nitric acid, washed and extracted with 
caustic potash, and the treatment with acid and potash repeated as 
long as any silica is removed. When using such a large quantity 
the process is somewhat tedious, but ultimately very pure graphite 
is obtained, which should be dried at 120'C. and weighed. The 
weight so obtained corresponds very nearly with the percentage of 
graphite as found by combustion. The dry graphite, which usually 
weighs from about 6 to 8 grams, is now introduced into a set of box 
sieves containing 30, 60, and 90 mesh ; it is thus, almost instantly, 
and without loss, separated into four portions, viz., the coarse, which 
remains upon the 30 sieve ; two intermediate varieties remaining on 
the 60 and 90 sieves respectively ; and the finer portion, which passes 
through the 90 sieve. This last may again, if desired, be further 
sub-divided. 

Pure graphite, when separated in this way, is a very pretty and 
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interesting substance. The following figures give the results of a 
mechanical analysis of graphite from No. 1 Northampton pig iron, 
from which it will be seen that the greater part of the graphite is too 
coarse to pass through the 60 sieve : — 





Per cent 


Per cent. 




of Original Pi*?. 


of total Graphite, 


Graphite left on 30 sieve . 


•83 


27^6 


60 „ . 


. 1-37 


45^5 


90 „ . 


•28 


9-3 


Passed through 90 „ . 


•53 


17-6 



301 100^0 

If a very close grained iron be similarly treated, the greater part 
of the graphite will pass through the 90 sieve. It may be interesting 
here to note that the graphitic carbon obtained from cold blast pig 
iron is smaller than that obtained from ordinary hot blast varieties, 
and this fact very probably accounts for the closeness of texture and 
consequent greater value of cold blast iron. 



NOTE ON THE EXPANSIONS OF CAST IRON. 

Mr A. E. Outerbridge has continued his researches (see p. 112), 
and has published a paper on the " Mobility of Molecules in Cast 
Iron" in the Transactions of ' the Amer. Inst, of Mining Engineers, 
Feb. 1904, which confirms his previous observations that cast iron 
bars which have been subjected to repeated shocks or blows are 
materially strengthened thereby. A committee appointed by the 
Franklin Institute to investigate this subject reported, after testing 
eighty-two bars, that there was a maximum increase of strength of no 
less than 40 per cent. Outerbridge has also observed that cast iron 
bars which have been heated to about 1450** F. (790" C), and afterwards 
cooled, are permanently expanded, and that this expansion is increased 
by repeated heatings. In fact, in certain cases, with repeated treat- 
ment, an increase in volume of as much as 40 per cent, has been 
obtained. All grades of cast iron do not expand equally ; varieties 
with little combined carbon increase more in cubic capacity than 
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white iron, in which the expansion due to heating is not sufficient 
to overcome the original shrinkage. Wrought iron and steel, if 
repeatedly heated in a similar manner, while protected from oxida- 
tion, slightly contract in cubical dimensions. The expansion in 
grey cast iron, caused by repeated heating, is due, in part at least, 
to the formation of minute spaces or cavities through which air can 
pass, and into which water can enter. 



THE END 
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netit— Various Types: Stirling's, Ericsson's, fta, &c 

*'The BBBT BOOK NOW FUBLiSHBD ou Gas, Oil, and Air Engines. . . . Will bedf 
VBRY ORBAT INTBKBST to the uumerotM practical engineers who have to make themselves 
Cunlhar with the motor of the da^r. . • . Mr. Donkin has the advantage df lovg 

PBACTICAL BXPBRIBNCB, combined with HIGH SCIBNTIFIC AND BXPSBIMBNTAL KNOWLBDa% 

and an accurate perception of the reguirements of Engineers."- T^/l/ Engkutt. 

"We HKARTXLY RKOMMBND Mr. Donkin's woric ... A mamument of cazeAd 
labour. . . . Lununoiisandcom(>rehensive.''— ytMrryM/i/CAri^tf-Ai^ 

" A thoroughly rbliablb and bxhaustivb 1rtBlaxt**—Bngine*ring. 



In Quarto, Handsome Cloth. With Numerous Plates. 25s. 

THE HEAT EFFICIENCY OF STEAM BOILERS 

(LAND, MARINE, AND LOCOMOTIVE). 

With many Tests and Experiments on different Types of 

Boilers, as to the Heating Value of Fuels, &e., with 

Analyses of Gases and Amount of Evaporation, 

and Suggestions for the Testing of Boilers. 

By BRYAN DONKIN, M.Inst.C.E. 

General Contents.— Classification of different Types of Boilers— 
425 Experiments on English and Foreign Boilers with their Heat Efficiencies 
diown in Fifty Tables — Fire Grates of Various T)rpes — Mechanical Stokers — 
Combustion of Fuel in Boilers — ^Transmission of Heat through Boiler Plates, 
and their Temperature— Feed Water Heaters, Superheaters, Feed Pumps, 
&c. — Smoke and its Prevention — Instruments- used in Testing Boilers — 
Marine and Locomotive Boilers — Fuel Testing Stations — Discussion of the 
Trials and Conclusions — On the Choice of a Boiler, and Testing of Land, 
Marine, and Locomotive Boilers — Appendices— Bibliography — Index. 

With Hat$s illustrating Progress made during recent years^ 
and the best Modem Practice, 

*' Probably ihe most BXHAnsrrvs ruwnU that has ever been collected. A PBAonou. 
Book by a thoroughly practical man.'^^/ron and Coal Trades Review. 

UNDON: CHARLES GRIFFIN ft CO.. LIMITED, EXETER STREET, STRAND. 
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Tmibo SDinov, RniHd ami Eniarffi, Poektt-aiu, Liath$r^ 11«. ML; mlto Larger Site /or 
OJki Uie, Cloth, lis. 6d 

Boilers, Marine and Land: 

THEIR CONSTRUCTION AND STRENGTH. 
A Hakdbook ov Rulbs, Fosmula:, Tables, fto., BiLATnrB to MAnaufti 

SOAJXTLSSOB, AND PKBSSUBBS, SaTBTT VaLYSB, SpBINOS, 

Fittings and Mountinqs, fto. 

FOR THE USE OF ENGINEERS, SURVEYORS, BOILER-MAKERS, 

AND STEAM USERS. 

By T. W. TRAILL, M.lN8T.aE., F.KRN., 

Late Engineer Snrreyor-in-Ohief to the Board of Trade. 

*«* To THB Sboond ani> Thibd Editions many Nsw Tables lor Prbssubb, 
up to 200 Lbs. per Square Inch have been added. 

*'Thi MOBT YALVABLB WOBK on BolUn pablished in England."— £%itv<iiflr World, 

Oontaina an Enormous Quahtitt or Irtobmation arrranged in a yery convenient form. . 
A VOBT U8XVUL YOLUMB . . . supplying Information to be had nowhere elie."— 3^ Engineer. 



Fourth Impression, Large Grown 8vo. With numerous lUustrations. 6s. 

ENGINE-ROOM PRACTICES 

A Handbook for Engineers and Offleers in the Royal Navy 

and Mercantile Marine, Including the Management 

of the Main and Auxiliary Engines on 

Board Ship. 

By JOHN a LIVERSIDGE, 

Engineer, K.N., A.M.I.C.E., Instmctor in Applied Mechanics at the Boyal Nayal 
College, Greenwich. 

Contcnfj— 0«nfrraJ Ddflcrlptian of ^! ^ i A . jimery.— The CoutUtfOM of Service and 
Daties of Eugttieers of tha Royal! NaT;- —EjiiLry ftod OaaditioiiH of Servloft of £pgiiiDerH of 
the Leadtdg^ s.S. Cu^:lpli^ioB.— Hoii^icfr SEeam — DqtJea of a StiAainliig Watch on i^cglnai 
and BoilerB.^ShutdD^ crif ^tiiULm.—HarboTir Dnti^^a and WulcbeB._AdJniitmentft Acd 
Repairs of EngfiieB — Prpservatia Hod hc^palri; of "Tani" Euilers. — The ilitll and Its 
Fittings.— Cleaniuft aad Falntiuir Md^liin^rj — BeciprocatiDff Fnmpfi, Fe«d Hea^torL and 
Automatic Feed -Water B^ffuhitorB, — ETaporiLtori. — Staam Boats, — El eMriu Ll^ht 
ICachinery.— HydrELulic Michioery,— Air-CoiapreBainK Fumpa— Bafi'lgflrAtiDe MaQh^^aes, 
— Machlnnry of DoHtroyera— The Mannj^epaeut of Watar-Tubo Bfjllijra.— Eflffuilatlous for 
Entry of AssJHtBn^ Eu^tneorB, R.N.— Qne*MonB Kiven Id Exatotnatlans for Promotion of 
Engineer;- V *: ■ "■: - ' rivna rBBpeci3i],c Vio&r-^. -J TtjlA;} Eitauiiriatir-nB for Engideers, ^a, 

"TLo . ■ r FAIL TO »s ijFaKCiATii>."— j'^ft* iiiEamsftip. 

'^ThisvxBTUSBHTL BOOK. . . . Illubtbatiohs are of GBBAT mpoBTAHOB in a work 
of this Und. and it is satisfactory to find that spboial attbntiob has been given in this 
respeot.**— JwfirtnMr*' Chuette. 



In Crown 8vo, extra, with Numerous Illustrations, [Shortly, 

GAS AND OIL ENGINES: 

An Introdactory Text-Book on the Theory, Design, Construction, 
and Testing of Internal Combustion Engines without Boiler. 

FOR THE USE OF STUDENTS. 

By Prof. W. H. WATKINSON, Whit. Soh., M.Inst.Miboh.E., 

Glasgow and West of Scotland Technical College. 

LONDON: CHARLES GRIFFIN ft CO., LIMITED, EXETER STREET, STRAND. 
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Sboond Edition, Revised. With nameronB Plates reduced from 
Working Drawings and 280 Illustrations in the Text. 218. 

A MANUAL OF 

LOCOMOTIVE ENGINEERINGS 

A Praetieal Text-Book for the Use of Engine Builden, 

Desigmers and Draughtsmen, Rulway 

Engrtneers, and Students. 

BY 

WILLIAM FRANK PETTIGREW, M.Inst.O.K. 

With a Section on American and Continental Sngines. 

By albert F. RAVENSHBAR, B.Sc, 

Of His Majesty's Patent Offlee. 

CSoMlMto. — Hiatorical Introdaetion, 1768-186S. . Modem LooomotiTee : Btanple.— 
Modern XjoeomotiTei : Compound.- Primary Consideration in LoeomoMye Design.— 
Cylinders, Steam Okests, and StuiBng Boxes.—Pistons, Piston Bods, Oroesheads, and 
Sfide Bars.— Oonneoting and Coupling Bods.— Wheels and Axles, Axle Boxes, Hoittbloefes, 
and Bearing Springs.— Balanoing.—Talye Gear.— Slide Yalves and Valve Gear Details.— 
Framing, Bogies and Axle Traoks, Badlal Axle Boxes.— Boilers.— Smokebox, Blast Ptpe, 
lirebox Fittings.- Boiler Mountings.- Tenders. - Bailway Brakes.— Lubrication.— Con- 
sumption of Fuel, Braporation and Bngiae Effloienoy.— American LocomotilTes.— Con- 
tinental LooomotiTes.— Bepairs, Bunning, Inspection, and Benewals.— Three Appendices. 
Indmr. 

"iJkely to remain for many years the Stahdaxd Wobx for those idShing to learn 
Design.**— ^fio^fiMr. 

"^ A most interesting and yalnable addition to the bibliography of the LoeoaaetiTe.'*— 
JtflMiMW Official Oai4it9. 

" We recommend the book as thokodohlt pbaohoal in its ohavaoSir, and jOBimrs A 
ii.aox ur AHT ooLLBonoir of . . . works on Locomotive Bngineering."«^i{a</«Qr -^o"* 

"The work oohtaots all that gah bb i.xabitt from a book upon such a subject. It 
will at once rank as thb stabdabd wobx upov this mpoBXAHT scbjbot.*'— BatitMiy M^atkf, 



In Large Svo, Handsome Cloth, With Plates and IlliuiraHon$. 16$. 

AT HOME AND ABROAD. 

Bt WILLIAM HENRY OOLE, M.Inst.O.K, 

Late Deputy-Manager, North-Westem Railway, India. 
Cofi<€nto.— Disotuudon of the Term ''li^ht Railways.'*— Bnglish Railways, 
B at s s, and Farmers.— Lijght Railways in Belgium, France, Italy, other 
Kozopean Countries, America and the Colonies, India, Ireland.— Road Trans- 
Dort as an altematiye.— The Light Railways Act, 1896.— The Question of 
Gavge. — Construction and Working. — Locomotiyes and RolHn^-Stock. — ^light 
Railways in England, Scotland, and Wales.— Appendices and Index. 

**Mr. W. H. Cole has brought together ... a labob amottvt of yaluablb diitobma- 
BOH . . . hitherto practically inaccessible to the ordinary reader."— nmef. 

" Will remain, for some time yet. a Stahdabd Wobx in everything relating to Light 
Bailways.*'— ^n^'iMsr. 

** Ine author has extended practical experience that makes the book lucid and naefoL 
It is arcBBnnioLT well douB.'*'— Engineering. 

**The whole subject is bxhaustiyblt and PBAoncALLT considered. The work can be 
cordially recommended as xnpibpbksablx to those whose duty it is to become acquainted 
with one of the prime necessities of the immediate future."— iZaMway OMcial Qatette. 

*»Thbbb oould bb no bbttbb book of first reference on its subject All classes of 
Engineers will welcome its appearance."— i8eo««man. 

lONDON : CHARLES GRIFFIN ft CO., LIMITED. EXETER STREET. STRAND. 
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Third Edition, Revised and Enlarged. Hifith Numsrotu 
IlltuiraHaru. Price 89, 6d, 

VALVES AHD VALVE-GEARING: 

INCLUDING THE CORLISS VALVE AND 
TRIP GEARS. 

BY 

CHARLES HUBST, Practical Draughtsman. 

*' Gownu explanations lllostrated by 116 vbbt cuab diaabams and drawinsi and 4 foldlaf- 
plalM . . . the book ftaiils a VALVABLB function."— ^(Acfuvum. 

"Mb. Hubbv's TALTis and VALTB-ABABiira will prove a verj Talnable atd* and tend t« the 
prodiMkionofBngineaofsoiBNTivio DBBiOHand BOONOMioALWOBKiHO. . . . Will be largely 
•oniHt after by Stadente and Dedgnen."— JToHm JBniftiutr. 

" nsBVDL and thobouohlt pbaotical. Will nndonbtedly be f onnd of sbbat tamjb to 
bU Mneemad with the design of ValTe-gaarlng."— i/eeAmieai World. 

»* Almost XTXBT Tin of taltb and its gearing is cleBrly set forth, and lIlnstrBted Ib 
■Mh » way as to be bbadilt uitdbbstood and fbaotioallt affuxd by either the Eaginaar, 
Drav^tsman, or Student. . . . Shoold prove both ubxvdl and yaluablb to »I1 Engtueen 
Bseldog for bxuablb and olbab information on the snbjeot. Its moderate prioo tarings it 
wtttxla the reach of 9,lL''—IndMstri4t and Iron. 

** Mx. Hubst's work Is adiobablt suited to the needs of the praotical meohanie. . . . 
It Is tree from any elaborate theoretloal discussions, and the explanations of the varioos 
types of yalve-gear are accompanied by diagrams which render them basilt uvnBBSioOD." 
^Thi ScimttifU Anmieam. 



Hints on Steam Engrlne Deslsrn and Construction. By Chables 
HuEST, "Author of Valves and Valve Gearing." In Paper Boards, 
8vo., Cloth Back. Illustrated. Price Is. 6d. net. 
OoNiBNTS.— I. Steam Pipes.— IL Valves.— III. Cylinders.— IV. Air Pumps and Con- 
densers.— V. Motion Work,— VI. Crank Shafts and Pedestals.— VIL Valve Gear.— VIII. 
Lubrication. —IX. Miscellaneous Details —Index. 

**▲ handy volnma which every practical young engineer should possess.**— 2^ Model 
Engineer. 



Strongly Bound in Super Royal 8vo. Cloth Boards. 7s. 6d. net. 



For Calculating Wages on the Bonus or Premium Systems* 

For Engineering, Technical and Allied Trades, 

By henry a. GOLDING, A.M.I nst.M.E., 

Technical Assistant to Messrs. Bryan Donkin and Clench, Ltd., and Assistant Lecturer 
in Mechanical Encrineering at the Northampton Institute, London, E.C. 

"Cannot fail to prove practically serviceable to those for whom they have been 
designed."— <SS(M)toman. 



Second Edition, Cloth, 8s. 6d. Leather, for the Pocket, Ss. 6d. 
OSIFFIN'S ELEOTBIOAL PBIOE-BOOK : For Electrical, Civil, 
Marine, and Borough Engineers, Local Authorities, Architects, Railway 
Contractors, &c., &c. Edited by H. J. Dowsing. 

" The Elbctucal Pricb-Book kbmovbs all mystbxy about the cost of Electrical 
Power. By its aid die bxpbnse that will be entailed by utilising electricity on a large or 
small scale can be discovered."—- ^fvA(V/r^. 

LONDON: CHARLES ORIFFIN ft CO., LIMITED, EXETER STREET, STRANa 



32 CHARLES GRIFFIN A C0.*8 PUBLICATIONS. 

Large 8vo, Handsome Cloth. With lUustratioiui, Tables, &o. 2l8. 

Lubrication & Lubricants: 

A TREATISE ON THE 
THEORY AND PRACTICE OF LUBRICATION 

AND ON THE 

NATURE, PROPERTIES, AND TESTING OF LUBRICANTS. 
By LEONARD ARCHBUTT, F.I.O., F.O.S., 

Chemist to the Midluid Railway Oompany, 
AND 

R. MOUNTFORD DEELEY, M.I.M.E., F.G.S., 

Chief Locomotire Superintendent, Midland Ridlway Company. 

(x>NTBHTS.— I. Friction of SolidB.— II. Liquid Friction or Yiscoeity, and Plastio 
Vriction.— III. Superficial Tension.— IV. The Theory of Lubrication.— V. Lubricant*, 
ttieir Sources, Preparation, and Properties.— VI. Physical Properties and Methods of 
Examination of Lubricants.- VII. Chemical Properties and Methods of Examination 
of Lubricants.^yiIL The Systematic Testing of Lubricants by Physical and Chemical 
Methods.— IX. The Mechanical Testing of Lubricants.— X. The Design and Lubrioatioo 
of Bearings.- XI. The Lubrication of Machinery.— Inbex. 

" Destined to become a OLASSio on the subject."— /nduftriM cmd Inm, 
" Contains practically all that is known on the subject Deserves the careful 
attention of all Engineers."— iSailtray Official Guide. 



Fourth Edition. V$ry/uUy lUustrcUed^ Cloth^ 4s, M, 

STEAM - BOILERS: 

THSIB DiaOBOTS, MANAGEMBITT, AND OONSTBUOTIOM. 

Bt R. D. MUNRO, 
Chi^ Bnginnr of tha Seottitk BotUr Inturanee and Engine Inapection Cempmnj. 

Gbnbjlal Contents. — I. Explosions caused (x) b^^ Overheating of Plates— <s) By 
Defective and Overloaded Safety Valves — (3) By Corrosion, Internal or £xtemal^4) By 
Defective Desi^ and Construction (Unsupported Flue Tubes ; Unstrengthened Manholes ; 
Defective Staymg ; Strength of Rivetted Joints ; Factor of Safety)— II. Construction of 
Vertical Boilers: Shells— Crown Plates and Uptake Tubes— Man-Holes, Mud-Holes, 
and Fire-Holes — Fireboxes — Mountings — Manasement — Cleaninj; — Table of Bursting 
Pressures of Steel Boilers — Table of Rivetted Joints — Specifications and Drawings of 
Lancashire Boiler for Working Pressures (0) 80 lbs. ; (i) aoo Ids. per square inch respectively. 

" A valuable companion for workmen and engineers engaged about Steam Boilersi ought 
to be carefully studied, and always at hand."— C^»//. Guardian. 

** The book is very useful, especially to steam users, artisans, and young Ei4;ineeas.''— 
£f$gineer. 



Bt thb SAMS Author. 

KITCHEN BOILER EXPLOSIONS: Why 

they Occur, and How to Prevent their Occurrence. A Practical Hand- 
book based on Actual Experiment. With Diagram and Coloured Plate. 
Price 3s. 

LONDON: CHARLES GRIFFIN & CO.. LIMITED, EXETER STREET. STRAND. 



BNOINBERINO AND MECHANIOS. 3^ 

In Crown Svo, Handsome Cloth, With Numerous 
Illustrations, 55. net. 

EMERY fiRINDING HAGHINERT. 

A Text-Book of Workshop Practice in General Tool Grinding, 

and the Design, Construction, and Application 

of the Machines Emoloyed. 

BY 

R. B. HODGSON, A.M. Inst. Mech.E., 

Author of " Machines and Tools JEmployed in the Working of Sheet Metals." 
Introduction. — ^Tool Grinding. — Emery Wheels. — Mounting Emery Wheels. 
—Emery Rings and Cylinders. — Conditions to Ensure Efficient Working.— 
Leading Types of Machines. — Concave and Convex Grinding. — Cup and Cone 
Machines. — Multiple Grinding. — "Guest" Universal and Cutter Grinding 
Machines. — Ward Universal Cutter Grinder. — Press. — Tool Grinding.— Lathe 
Centre Grindef.— Polishing.— Index. 
*' Deals practically with every phase of his subject." — Ironmonger 

" Eminently practical . . . cannot fail to attract the notice of the users of this class of 
machinery, and to meet with careful perusal," — Chetn. Trade Journal. 



Sixth Edition. Folio, strongly half-botind, 21/. 

TRAVERSE TABLES: 

Computed to Four Places of Decimals for every Minute 
of Angle up to 100 of Distance. 

For the use of Surveyors and Engineers. 

BY 

RICHARD LLOYD GURDEN, 

Authorised Surveyor for the CrOTemments of New South Wales and 
Victoria. 

*«* PukUthid wUh the C^ncurretue 0/ the Survey^s- General for New South 
Waieslind Victoria. 

"Those who have ezperitoce in «zKt Suktby-work will best imow how to s^ptcciatc 
the cBonnous amount of labour reprtieiited by this valuable book. The computaiioiM 
enable th« user to ascertain the sinas and connes for a distance of twelve miles to within 
half an inch, and this by Ibfbrbncb to but Omb Tablb, in place of llie usual Fifteen 
flunute ooovutations raquirMi. This alone is evidence of the assistance which the Tables 
ensure to every user, and as every Surveyor in active practice has fek the want of such 
assistance fbw knowing op thbir publication will rbmaik without thbm." 

^-£ngiM9er. 

LONDON: CHARLES GRIFFIN & CO.. LIMITED, EXETER STREET. STRAND. 
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WOBKS BY 
ANDREW JAMIESON, MJnst.C.E., M.I.E.E., F.R.S.E., 

Formerly Professor of Electrical Engineeringf The Glasgow and West of Scotland 
Technical College. 



PB0FE880B JAMIESON'S ADVANCED TEXT-BOOKS. 

In Large Crown Svo, FUUy Illustrated, 

STEAM AND STEAM-ENGINES. For the Use of Students 

preparing for Competitive Examinationa With over 700 pp., over 350 
Illustrations, 10 Folding Plates, and very numerous Examination Papers. 
Fourteenth Edition. Revised throughout. 

"Professor Jamieson fascinates die reader by his cukarnvss of concbption and 
siMPUciTY OP BXPRB8S10N. His treatment recalls the leotuving of Faraday.**— ^^A/imvmw. 
" The Bbst Book yet published for the use of Students."— ^Mj^vMrr. 

MAGNETISM AND ELECTRICITY. For Advanced and 

" Honours " Students. By Prof. Jamieson, assisted by David Robertson, 
B.Sc, Professor of Electrical Engineering in the Merchant Venturers* 
Technical College, Bristol. {Shortly, 

APPUED MECHANICS & MECHANICAL ENOINEERINO. 

Vol. I. — Comprising Part I., with 540 pages, 300 Illustrations, and 
540 Examination Questions : The Principle of Work and its applica- 
tions; Part II.: Friction; Gearine, &c. Fourth Edition. 8s. 6d. 
" Fully maintains the reputation of uie Author."— -Pr^wr/. Engineer. 

Vol. II.— Comprising Parts III. to VI., with 608 pages, 371 Illus- 
trations, and copious Examination Questions: Motion and Elnergy; 
Graphic Statics; Strength of Materials; Hydraulics and Hydraulic 
Machinery. Third Edition. 8s. 6d. 

"WaLL AND LUCIDLY WRITTBN.** — The Ettgtneer. 

%* Each of ike above volumes is complete in itself, and sold separately. 



PB0FE8S0B JAMIESON'S INTBODUCTOBT MANUALS 

Crown SzfO, With lUustraHons and ExaminaHon Papers, 

STEAM AND THE STEAM-ENOINE (ElementaFy 

Manual of). For First- Year Students. Tenth Edition, Revised. 3/6. 

" Should be in the hands of bvbry engineering z.'pprea^ct.'^^PracHcal Engineer, 

MAGNETISM AND ELECTRICITY (Elementary Manual 

of). For First- Year Students. Fifth Edition. 3/6. 

" A CAPITAL TBXT-BOOK . . . The diagrams are an important feMtuxe.**'~Sckoolmastrr. 
" A THOROUGHLY TRUSTWORTHY Text-book. PRACTICAL and clear."— JVa/«r*. 

APPLIED MECHANICS (Elementary Manual of). 

Specially wrjanged for First-Year Students. Sixth Edition, 
Revised. 3/6; 

"The work has vbry high quautibs, which may be condensed into the one word 
* CLBAK.' "Science and A rt. 

In Preparation. 300 /ages. Crown Svo, Profusely Illustrated, 

MODERN Electric Tramway Traction: 

A Text-Book of Present-Day Ppactiee. 

For the Use of Electrical Enaineering Students and those interested in Electric 
Transmission of Power. 

By Pbof. ANDREW JAMIESON. 



i POCKET-BOOK of ELECTRICAL RULES and TABLES. 

For the Use of Electricians and Engineers. By John Monro, C.E., 
and Prof. JAMIESON. Pocket Size. Leather, 8s. 6d. Sixteenth 
Edition. [See p> 49. 

LONDON: CHARLES GRIFFIN & GOu LIMITED, EXETER STREET, STRAND. 
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WORKS BY 

W. J. MAGQUORM RANKINE, LL.D., F.R.S., 

Latt /f§glu8 ProfB88or of CMI Engineering in the Unlueralty of Qlaagow. 
THOBOUOHLT BSVISBD BT 

YT. J. MIL LAB, C.B., 

Late SeereUry to the Institute of Engineers and SMpbulMera In SeetlanA 



A MANUAL OF APPLIED MECHANICS : 

Oomprifling the Principles of Statios and Cinematics, and Theory of 
Stmctnres, Mechanism, and Machines. With Namerons Diagrams. 
Grown 8vo, cloth. Seysntbbnth Edition. 12s. 6d. 



A MANUAL OF CIVIL ENGINEERING: 

Oomprising Engineering Sonreys, Earthwork, Foundations, Masonry, Car- 
pentry, Metal Work, Roads, Railways, Canals, Rivera, Waterworks, 
Harbours, fto. With Numerous Tables and Blustrationfl. Crown 8vo. 
cloth. Twenty- Skoond Edition. 16s. 



A MANUAL OF MACHINERY AND MILLWORK : 

Comprising the Geometry, Motions, Work, Strength, Construction, and 
Objects of Machines, &o. Illustrated with nearly 300 Woodcuts, 
Crown 8vo, cloth. Sbyenth Edition. 12s. 6d. 



A MANUAL OF THE STEAM-ENGINE AND OTHER 
PRIME MOVERS: 

With a Section on Gas, Oil, and Aib Engines, by Bbtan Donkin, 
M.Inst. C.E. With Folding Plates and Numerous Illustrations. 
Crown 8vo, cloth. Fiftebnth Edition. 12s. 6d. 

lONDON: GHAfiLES GRIFFIN A CO., LIMITED. EXETER STREET. 8TRAN[^ 
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Prof. Raitkins's Works — {Contimud): 

USEFUL RULES AND TABLES: 

for Arohiteots, BuUdera, Engineers, Founders, Meohanics, Shipboilders, 
Snryeyors, &c. With Appendix for the use of Elsotbioal ENonrssRS. 
By Professor Jamibson, F.R.S.K Seyrnth Edition. lOs. 6d. 



A MECHANICAL TEXT-BOOK: 

A Pnotioal and Simple Introduction to the Study of Meohmnios. By 
Professor Rankinb and E. F. Bambbb, G.E. With Numerous lUns 
trations. Grown 8vo, cloth. Fifth Edition. 9b. 

V Tlu " MsoHAHiOAL Tkxt-Book '* woi dmgmd bp Profesaor BAmmra m mm Imao* 
•vofKMi t0 ih» aftoM iStKM of Mmmwalt, 



MISCELLANEOUS SCIENTIFIC PAPERS. 

Royal 8vo. Qoth, Sis. 6d 

Part I. Papers relating to Temperature, Elasticity, and Expansion of 
Vapouctu Liquids, and Solids. Part 11. Papers on Energy and its Trans- 
formations. Part III. Papers on Waye-Forms, Propulsion of Vessels, &o. 

With Memoir by Professor Tait, M. A. Edited by W. J. Millar, O.E, 
With fine Portrait on Steel, Plates, and Diagrams. 

'* No more •aduriiic Memorial of Professor Ranldne could be devised than the paUiaa' 
i of the^ papers ia an sstissible finrm. . . . The Collection is most ipaliiaUa cd 
i of the nature of his discoreries, and the beauty and completaMSs of his analysis. 
Tlxe Volwne ej weed s in importance any work m the same department publKhad 
\m onr tSme."— ^rvAt^^. 



SHELTON-BEY (W. Vincent, Foreman to the 

Imperial Ottoman Gun Factories, Constantinople) : 

THE MECHANIC'S GUIDE : A Hand-Book for Enginecn and 
Artisans. With Copious Tables and Valuable Recipes for Practical Vnt, 
Illustrated. SiC0t$d EdiiUn, Crown 8to. Cloth, 7/6^ 

LONDON: CHARLES GRIFFIN k CO., LIMITED, EXETER STREET. STRAND, 
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Third Edition, Thoroughly Revised and Enlarged. PVtlh 60 Plates and 
Numerous Illustrations, Handsome Cloth, 34s. 

HYDRAULIC POWER 

AND 

HYDRAULIC MACHINERY. 

BT 

HENRY ROBINSON, M. Inst. C.E., F.G.S., 

fellow of kin(^s collbgb, london ,' prof. emeritus of civil engineering, 
king's college, etc., etc 
Contents —Discharge through Orifices. — Flow of Water through Pipes.— Accumulators. 
—Presses and Lifts. — Hoists. — Rams. — Hydraulic Engines. — Pumping Engines. — Capstans. 
— Traversers. —Jacks. — Weighing Machines. — Riveters and Shop Tools. — Punching, 
Shearing, and Flanging Machines.— Cranes, — Coal Discharging Machines.— Drills and 
Cutters. — Pile Drivers, Excavators, &c. — Hydraulic Machinery applied to Bridges, Dock 
Gates, Wheels ^and Turbines. — Shields. — Various Systems and Power Installations* — 
Meters, &c.— Index. 

** A Book of great Profiessiooal Usefulness." — Iron. 



In Large 8w, Handsome Cloth, With Frontispiece, severed Plates, 
and over 250 Illustrations, 2i9, 

THE PRINCIPLES AND CONSTRUCTION OF 

PUMPING MACHINERY 

(STEAM AND WATER PRESSURE). 

With Practical lUnstrations of Ekoinies and Pumps applied to Mikiko» 

Town Wateb Supply, Dbainagb of Lands, &c., also Economy 

and Efficiency Trials of Pumping Machinery. 

By henry DAVEY, 

MemlMr of the Institution of Civil Engineers, Member of the Inatltation of 
Meohanioal Engineers, F.G.S., Ao. 

GoNTSNTS —Early History of Pumpii^ En^efH-Steam Pmnpmg Engines^ 
Pmnps and Pnmp Valves — General Principles of Non-Rotative Pmnping 
Engines— The Cornish Engine, Simple ana Gomponnd — Types of Mining 
Elngines — Pit Work — Shaft Sinldng — Hydraulic Transmission of Power in 
Mines — ^Valve Gears of Pmnping Engines— Water Pressure PumpingEngines 
—Water Works Enp^es — Pumping Engine Economy and Trials of Pumping 
Machinery— Centrifugal and other !Low-Lift Pumps — Hydraulic Bams, 
Pumping Mains, &c.— Index. 

'^By the *one English Engineer who probably knows more abont Pumping liachlnery 

than ANT OTHEK.* ... A VOLUME BXCOSDINa THE EBSULT8 OF LONO BXPBSIBWCE AVD 

STUDY."— 2%« Engiuur. 

'^UndonbtedlyTHB best and most fraotioal treatise on Pumping Machinery that bas 
TBT BBEN visstASBXD.^' ^-Mining Journal. 

tONDON : CHARLES 6RIFFIN & CO.. LIMITED. EXETER STREET. STRAHA 
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38 CHARLES QRIFFIN A OO.'S PUBLWATI0N8. 

Roytu 890, Handaomt Oioth. With numerous tiiuatratlona an4 TaM§8. 269. 

THE STABILITY OF SHIPS. 

BY 

SIR EDWARD J. REED, K.C.B., F.R.S., M.P.. 

OnOHT or THB IlIPBRIAL OKOBRS OP ST. STANILAUS OP RUSSIA; PRANCIS JOSBPU OP 

AUSTRIA; MSDJIDIK OP TURICBY; AND RISING SUN OP JAPAN; VTCS- 

PRBSIDBNT OP THB INSTITUTION OP NAVAL ARCHITBCTS. 

In order to render the work complete for the purposes of the Shipbuilder, whether ai 
home or abroad, the Methods of Calculation introduced by Mr. F. K. Barnrs, Mr. Gray, 
M. Rrbch, M. Daymard, and Mr. Bbnjaiiin, are all given separately, illustrated b^ 
Tables and worked-out examples. The book contains more than aoo Diacrams, and u 
Olustrated by a laxs[« number of actual cases, derived from ships of all descriptions. 

*^ Sir Edward Rbbd's ' Stabiuty op Ships ' is inyaluablb. The Nayai. Architbct 
will find brought togetner and readv to hu hand, a mass of information which he would other 
wise have to seek in an almost en<uess variety of publications, and some cf whidi he wooli} 
possibly not be able to obtaun at all elsewhere."— iSiraiwf^. 



THE DESIGN AND GONSTBTTGTION OF SHIPS. By John 
Harvard Bilrs, M.Inst.N.A., Professor of Naval Architecture in the 
University of Glasgow. [In Preparatum, 



Third Edition. Illustrated with Plates, Numerous Diagrams, and 
Figures in the Text. i8s. net. 

STEEL SHIPS: 

THEIR CONSTRUCTION AND MAINTENANCE. 

A Manual for Shipbuilders, Ship Superintendents, Students, 
and Marine Engineers. 

By THOMAS WALTON, Naval Architect, 

AUTHOR OF ** KNOW YOUR OWN SHIP." 

Ck)NTENTS. — I. Manufacture of Cast Iron. Wrought Iron, and Steel. — Com- 
poeition of Iron and Steel, Quality, Strengtn, Tests, &c. II. Classification of 
Steel Ships. III. Considerations in maJdi^ choice of Type of Vessel — ^Framinc^ 
of Ships. rV. Strains experienced by Ships. —Methods of Computing and 
Comparing Strengths of Ships. V. Construction of Ships. — Alternative Modes 
of Constructioik — Types of Vessels. — Turret, Self Trimming, and Trunk 
Steamers, &c. — ^Rivets and Rivetting, Workmanship. VI. Pumping Arrange- 
ments. VII. Maintenance. — Prevention of Deterioration in the Hulls of 
Ships. — Cement, Paint. &c.— Index. 

** So thoroQK^ And well written is eyery chapter in the book that it is ditHcalt to seleet 
anv of them as being worthy of exceptional praise. Altogether, the work is excellent, and 
will prove of great valne to those for whom it is intended.*'— TAe Engineer. 

" Ifr. Walton has written for the profession of which he is an ornament. His work 
will be read and appreciated, no donbt, by every M.LN.A., and with great benefit by the 
majodty of them.**— JbumaZ of Commerce. 



UNIFORM WITH THE ABOVE, 

THE PRINCIPLES AND PRACTICE OF 

DOCK ENGINEERING. 

By BRYSSON CUNNINGHAM, B.E., M.Inst.C.E. 
See p. 27. 

LONDON: CHARLES GRIFFIN & CO.. LIMITED. EXETER STREET. STRAND. 



NAUTICAL WORKS. 39 

GRIFFIN'S NAUTICAL SERIES. 

Edited by EDW. BLAGKMORE, 

Master Mariner, First Class Trinity House Certificate, Assoa Inst. N.A. ; 

And Wbitten, mainlt, by Sailors for Sailors. 



"This admirablb smiTEa"—Fairplay. "A vert useful series."— ^ottM-c. 

<'The volumes of Messrs. Griffin's Nautical Series may well and profitably bo 
read by all interested in our national maritime prooress."— ifaWne Engineer, 

"Every Ship should have the whole Series as a Kefbrenoe Library. Hahb- 
SOMBLY BOUND, OLBARLT PRINTED and ILLUSTRATED."— JWwrpooi Joum. qf Commeroe, 

The British Mereantile Marine : An Historical Sketch of its Kise 

and Deyelopment. By the Editor, Capt. Blaoemorb. 8s. 6d. 

"Captain Blackmore's splendid book . . , . contains paragraphs on every point 
of Interest to the Merchant Marine. The 248 pages of this book are thb most valu- 
able to the sea captain that have EVER been oompiled."— ifer<;Aant Service Review, 

Elementary Seamanship. By D. Wilson-Babkbr, Master Mariner, 

F.B.S.E., P.B.G.S. With numerous Plates, two in Colours, and ITrontisplece. 

Third Edition, Thoroughly Revised, Enlarged, and £e-set. With additional 

Illustrations. 6s. 

"This admirable manual, by Capt. Wilson Barker, of the •Worcester, seems 
to us PERFECTLY DESIGNED. "—A tJienoeum. 

RnOW Your Own Ship : a Simple Explanation of the Stability, Con- 
struction, Tonnage, and Freeboard of Ships. By THOS. Walton, Naval Architect. 
With numerous Illustrations and additional Chapters on Buoyancy, Trim, and 
Calculations. Seventh Edition. 7s. 6d. 
"Mr. Walton's book will be found vert useful."— TA« Engineer. 

Navifiration : Theoretical and Practical. By D. Wilson-Babkbr 

and William Allinoham. Second Edition, Bevised. 8s. 6d. 
"PREOISELT the kind of work required for the New Certificates of competency. 
Candidates will find it invaluable."— Dwndw Advertiser. 



Marine MeteorolO^: For Officers of the Merchant Navy. By 
WILLIAM ALLINOHAM, First Class Honours, Navigation, Science and Art Department. 
With lUustrations, Maps, and Diagrams, and facsimile reproduction of log page. 
7s. 6d. 
" Quite the best publication on this mhject."— Shipping Oassette. 



Latitude and Longitude : How to find them. By w. J. Millab, 

C.E. Second Edition, Revised. 2s. 

" Cannot but prove an acquisition to those studying Navigation."— If orifM Engineer, 

Practical Mechanics : Applied to the requirements of the Sailor. ' 

By THOS. Maokenzib, Master Mariner, F.K.A.S. Second Edition, Revised. 8s. 6d. 
•* Well worth the money . . . bxceedinglt HVLPWUh."— Shipping World, 

Trigonometry : For the Young Sailor, &c. By Rich. C. Buck, of the 
&ames Nautical Training College, H.M.S. " Worcester." SECOND Edition, Bevised. 
Price 8s. 6d. 
"This eminentlt practical and reliable vohnne."— Schoolmaster, 



Practical Algebra. By Rioh. 0. Buck. Companion Volume to ttte 

above, for Sailors and others. Price Ss. 6d. 

" It is just the book for the young sailor mindful of progress. —Nautical MagaeifM. 

The Legal Duties of Shipmasters. By Bbnediot Wm. Ginsbubo, 

M.A., XL.D., of the Inner Temple and Northern Circuit; Barrister-at-Law. Second 

Edition, Thoroughly Revised and Enlarged. Price 4s. 6d. 

" Invaluable to masters. . . . We can fully recommend it." — dipping Qkuette, 

A Medical and Surgical Help for Shipmasters. Including First 

Aid at Sea. By Wm. Johnson Smith, F.K.C.S., Principal Medical Officer, Seamen's 

Hospital, Greenwich. Sbcond Edition, Thoroughly Bevised. 68. 

" Sound, judicious, bbally helpful."— rftg Lamcet, 

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND. 



40 CHARLES ORIFFIN & GO,*S PUBLICATIONS, 

GRIFFIN'S NAUTICAL SERIES , 

Introductory Volume, Price Ss. 6d, 
THE 

British Mercantile Marine. 

By EDWARD BLACKMORE, 

MASTER MARINBR; ASSOCIATE OF THE INSTITUTION OF NAVAL ARCHITECTS; 

MEMBER OP THE INSTITUTION OF ENGINEERS AND SHIPBUILDERS 

IN SCOTLAND; EDITOR OF GRIFFIN'S "NAUTICAL SERIES." 

Gbnbral Contbnts.— Historical : From Early Times to 1486— Pi^^grese 
ander Hemry VIII.— To Death of Mary— Dmring Elizabeth's Reign— tfp to 
the Beign of William III.— The 18th and 19th Centuries— Institution ot 
Examinations — Itise and Progress of Steam Propidsion — Development of 
Free Trade— Ship^g Legislation, 1862 to 1875— " Locksley Hall** Case- 
Shipmasters' Societies— Loading of Ships — Shipping Legislation, 1884 to 1894— 
Statistics of Shipping. The Febsonnbl : Shipowners— Officers— Mariners- 
Duties and Present Position. Education : A Seaman's Education : what it 
should be — Present Means of Education— Hints. Discipline and Duty— 
Postscript — ^The Serious Decrease in the Number of British Seamen, a Matter 
demanding the Attention of the Nation. 

" Intsbbsthtq and iHSTRncriVB . . . may be read with pbout and shjotxbmt."- 
0lm»ff<m Berald. 

"Etbbt bsanoh of the subject is dealt with in a way which Bhows that the writer 
'knows the ropes' familiarly."— i8eo<«man. 

''This ADMixABLB book . . . TEEMS with luefnl information— Should be in th«^ 
•uuids of every Sailor."— FM^ern Morning Newt. 



Third Edition, ThorougMy Revised, Erdarged, and Reset 
With Additional Illustrations, Price 6s, 

ELEMENTARY SEAMANSHIP, 

D. WILSON-BARKER, Master Mariner; F.R.S.E., F.R.G.S.,&a,&o, 

TOUNGBB BROTHER OF THE TRINITT HOUSE. 

Witii Frontispiece, Numerous Plates (Two in Colours), and Illustrations 

in the Text. 

General Contents. — The Building of a Ship; Parts of Hull, Masts, 
Ac.— Ropes, Knots, Splicing, &c. — Gear, Lead and Log, &c. — Ri«giDg,^ 
Anchors — Sailmakmg — The Sails, &c. — Handling of Boats under Sai] — 
Signals and Signalling — Rule of the Road — Keeping and Relieving Watch — 
Points of Etiquette— Glossary of Sea Terms and Phrases- Inde3c 

%* The voliime contains the new bttles of the boad. 
M This ADMntABLB MANUAL, by Oaft. Wilson-Babxsb of the ^ Worcester,' seems to ns^ 
PBBFBOTLT DESIGNED, and holds its placc exeellentiy in * Gbiffin's Nautical Sebibs.' . . . 
Although intended for t^ose who are to become Officeri of the Merchant Navy, it will be- 
foond useful by all yachtsmen. "—il<A«»imim. 

*** For complete List of GBiFFra'a Nautical Sbbibs, see p. 89. 

LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND. 
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GRIFFIN'S NAUTICAL SERIES, 

Second Edition, Revised cmd Illustrated. Price Sa. 6d. 

IN^AViaATION: 

By DAVID WILSON-BARKER, RN.R., F.R.S.E., &o., Ac, 

AND 

WILLIAM ALLINGHAM, 

FEBST-OLASS HONOUBS, NAYIGATION, SCUBNOB AND ABT DBPABTMBNT. 

tPQlitb l^umeroua JUustratfona and B^amlnation (Stueations. 

General Contents.— DefSnitions — Latitude and Longitude — Instraments 
of Nayigation — Correction of Courses— Plane Sailing — Traverse Sailing— Day's 
Work — Parallel Sailing — Middle Latitude SaUing — Mercator's Chart— 
Mercator Sailing — Current Sailing — Position by Bearings — Great Circle Sailing 
—The Tides— Questions— Appendix : Compass Error — Numerous Useful Hints. 
Ac. — Index* 

" Pbxoisblt the kind of work required for the New Gertiflcates of competency in trades 
from Second Mate to extra Master. . . . Candidates will find it mYALUAmA^^nundee 
ddvwiUer. 

" A CAPITAL LiTTLB BOOK . . . Specially adapted to the New Examinations, llie 
A.nthorB are Oapt. WneoN-BASKKB (Captain-Saperintendent of the Nautical Oollege, H.M.S. 
' Worcester/ who has had great experience in the highest prohlems of Navigation), and 
Mb. Alungham, a well-known writer on the Science of Nayigation and Nautical Astronomy. *' 
- Shipping World. 



Handsome Cloth, Fully Illustrated, Price 78, 6d, 

MARINE METEOROLOGY, 

FOB OFFICERS OF THE MERCHANT NAVT. 
By WILLIAM ALLINGHAM, 

Joint Author of ''Navigation, Theoretical and Practical." 

With numerous Plates, Maps, Diagrams, and Illustrations, and a facsimile 
Reproduction of a Page from an actual Meteorological Log-£ook. 

SXJMMABY OP CONTENTS. 

INTRODTJOTORY.— Instruments Used at Sea for Meteorological Purposes.— Meteoro- 
logical Log-Books.— Atmospheric Pressure.— Air Temperatures.— Sea Temperatures.— 
Winds.- Wind Force Scales.— History of the Law of Storms.— Hurricanes, Seasons, and 
Storm Tracks.— Solution of the Cyclone Problem.— Ocean Currents.— Icebexgs. — Syn- 
ehronous Charts.— Dew, Mists, Fogs, and Haze.— Clouds.- Rain, Snow, and Hail.— 
Mirage, Bainbows, Coronas, Halos, and Meteors.- Lightning, Corposants, and Auroras.— 
QUB8T10N8.—APPBNMX.— Index. 

" Quite the bbst publication, and certainly the host iNTBassTiNO, on this subject erer 
pvesented to Nautical n^en"— Shipping Oaaette. 

*,* For Complete List of G»tfmn*s Nautical Sbsibs, see p. 39. 
LONDON: CHARLES GRIFFIN & CO.. LIMITED. EXETER STREET. STRAND. 



4S OBABLMH OSJFFIir S OO/t PUBLIOATIOJTB. 

GRIFFnrS yAXTTICAL SERIES. 

Sbooitd Edition, Revised. With Numerous Illustrations. Price Ss. 6d. 

Practical Mechanics: 

Applied to the Bequirements of the Sailor. 
By THOS. MACKENZIE, 

Master Mcariner^ F.R.A.a. 
General Contents. — Resolution and Composition of Forces — Work done 
1^ Machines and Living Agents — The Mechanical Powers: The Lever; 
Derricks as Bent Levers — The Wheel and Axle : Windlass ; Ship's Capstan ; 
Crab Winch— Tackles : the "Old Man"— The Inclined Plane; the Screw— 
The Centre of Gravity of a Ship and Cargo — Relative Strength of Rope : 
Steel Wire, ManiUa, Hemp, Coir — ^Derricks and Shears— Calculation of the 
Cross-breaking Strain of Fir Spar— Centre of Effort of Sails— Hydrostatics : 
the Diving-bell ; Stability of Floating Bodies ; the Ship's Pump, &c. 
" This excellent book . . . contains a large amount of information." 

" Well worth the money , . . will be found EXOBBDiNOLr helpeul.**— 
Bhipving World, 

*'Ko Chips' Oeeicebs' bookcase .will henceforth be complete without 
Captain Mackenzie's ' Practical Mechanics. ' Notwithstanding my many 
years' experience at sea, it has told me Jww rtmch more there is to ctcquire," — 
(Letter to the Publishers from a Master Mariner). 

" I must express my thanks to you for the labour and care you have takea 
in 'Practical Mechanics.' . . . It is a life's experience. . . . 
What an amount we frequently see wasted by ringing purchases without reasoB 
and accidents to spars, &c., &c. ! 'Practical Mechanics' would save all 
THIS." — (Letter to the Author from anotiier Master Mariner). 



WORKS BT RICHARD C. BUCK, 

Of the Thames Naatioal Training Oolleg e, H.M.S. * Woroester.' 

A Manual of Trigonometry: 

With Diagrams, Examples, and Exercises. Price 8s. 6d. 

Second Edition, Revised and Corrected. 
•»• Mr. Buck's Text-Book has been specially prepared with a view 
to the New Examinations of the Board of Trade, in which Trigonometry 
is an obligatory subject. 

"Thia BiairxKTLT fkaohoal and bbuablb youjia:'^Sehoolmast«r, 

A Manual of Algebra. 

DeBigned to meet the Requirements of Sailors and others. Price 8s, 6d. 

%* These elementary works on algbbra and tbiqonombtbt are written apecially for 
fthoee who will have little opportanity of consalting a Teacher. They are hooks for "sblv' 
HBLP." All bnt the simplest explanations have, therefore, been avoided, and answsbs te 
tile BxeroiseB are given. Any person may readily, by careful stndy, become master of their 
eootents, and thus lay the fonndation for a further mathematical course, if desired. It is 
hoped that to t^e younger Officers of our Mercantile Marine they will be found decidedly 
■ervioeable. The Examples and Exercises are taken from the Examination Papers set for 
tiie OadetB of the "Worcester.*' 

"Clearly arranged, and well got up. . . A first-rate Elementary Algebra. — 
JfouHatU Magazine. 
%*For complete Ldst of Gaironc's Nautioal Sbbibs. see p. 89. 

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND. 
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QBIFFIN'S yAXTTICAL SERIES. 

Sbgokd Edition, Thoroughly Revised and Extended. In Grown 8vo. 
Handsome Cloth. Price 48. 6d. 

THE LEaAL DUTIES OF SHIPMASTERS. 

BY 

BENEDICT WM. GINSBURG, M.A., LL.D. (Cantab.), 

Of the Inner Temple and Northern Circuit ; Barrister-at-Law. 

General Contents.— The Qualification for the Position of Shipmaster— The Con- 
tract with the Shipowner— The Master's Duty in respect of the Crew : Bngairememt : 
Apwenticea ; Discipline ; ProTisions, Accommodation, and Medical Comforts ; Payment 
of wages and Discharge— The Master's Duty in respect of the Passengers— The Master's 
Financial BesponsibiUtiea— The Master's Duty in respect of the Cargo— The Master's 
Duty in Case of Casualty— The Master's Duty to certain Public AuthoriUea— The 
Master's D^ in relation to Pilots, Signals, Flags, and Lisht Dues— The Master's Duty 
upon Arriyal at the Port of Discharge— Appenmces relatiye to certain Legal Matters : 
Board of Trade Certificates, ])ietarv Scales, Stowage of Grain Cargoes, Load Line SeguU- 
tions, Life-saving Appliances, Carriage of Cattle at Sea, Ac, Ac— Copious Index. 

"No intelligent Master should fail to add this to his list of necessary books. A few lines 
of it may sayb a lawteb's rss, bbsidks aNDLBSs YTGaxi.*'— Liverpool Journal of OomtMree. 

** SsNsiBLa, plainly written, in olsax and non-teghnioal lahouaqb, and will be ftrand of 
MUOH 8BBYICB by the Shipmaster "^British Trade Review. 



Second Edition, Revised. With Diagrams. Price 2s. 

Latitude and Longitude: 

to Fl]:&d thexn.. 



By W. J. MILLAR, C.E., 

Late Seeretarf to the InsL of Engineer* and Shipbuilder* in BeoOand. 

" GONOISBLY and clkably wbittbn . . . cannot but proye an acquisition 
to those studying Navigation." — Marine Engineer, 

*' Young Seamen wiU find it handt and useful, sihplb and olsab."— TAe 
Engineer, 

FIRST AID AT SEA. 

SxooND Edition, Revised. With Coloured Plates and Numerons lUnstra- 

tions, and comprising the latest Regulations Respecting the Carriage 

of Medical Stores on Board Ship. Price 6s. 

A MEDICAL AND SURGICAL HELP 

FOR SHIPMASTERS AND OFFICERS 
IN THE MERCHANT NAVY. 

BY 

WM. JOHNSON SMITH, F.RO.S., 

Principal Medical Officer, Seamen's Hospital, Greenwich. 

%* The attention of all interested in our Meroliant Na^y is reqnested to this ezoeedlngly 
nsefnl and valuable work. It is needless to say that it is the outcome of many years 
rmAoncAL xxpsRiBnci amongst Seamen. 

'' Sound, JimioionB, bballt BXLFruL"^The Lancet. 

*»* For Complete List of QaiFgiN'a Naxttioal Sbbies, see p. 39. 
LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND, 



44 CHARLES QRIFFIN ^ 00.^8 PUBLICATIONS. 

gRijrjriii^S gAimCAL SERIES. 

SsvsHTH Eranoir. Revised^ wUh Chapicn tm Trim^ ^noyiomcy, 

imd Caleulationa. Numeraug lUnutnUkms, Hamdsome 

CUth^ Crown, 8vo. Price 7s. &L 

KHOW TOUB OWH SHIP. 

By THOMAS WALTON, Naval AacHiTKcrr. 

SFBOIALLT ▲RBAKOBD TO SUIT THE BSQUIRKMBHTS OF SHIPS* OFnCSBS, 

SHEPOWKXBS, SUPXRUfTBNDmTR, DRAUGHTSMSN, EN6INSKBS, 

AFD OTHEBS. 

This work explains, in a simple manner, such important 
Bubjects as: — 

Displacement, 



Deadweight, 

Tonnage, 

Freeboard, 

Moments, 

Buoyancy, 

Strain, 

Btmctnre, 



Stabitity, 
Boiling, 
Ballasting, 
Loading, 
Shifting Cargoes, 
Admission of Water, 
Sail Area, 
ftc, ftc. 



'* The little book will be found xxgxxdikolt handt by most officers and 
officials connected with shipping. . . . Mr. Walton's work will obtain 



LASTiira suooiss,^ because of its nniqne fitness for those for whom it has been 
written."— ifl%tppin^ World, 

** An xxoxLLBNT WOBK^ full of solid instmction and inyaluablb to eyery 
officer of the Mercantile Marine who has his precession at heart." — Shipping, 

** Not one of the 242 pages coTdd well be spared. It will admirably folfil its 
purpose . . . nsefm to ship owners, ship superintendents, dup draughts- 
men, and all interested in shipping." — Liverpool Journal of Commerce, 

" A mass of vxbt ussful nnroBMATioN, accompanied by diagrams and Ulns- 
trations, is given in a compact form." — Pairplay, 

*' We have found no one statement that we could have wished differently 
expressed. The matter has, so far as clearness allows, been admirably con- 
densed, and is simple enough te be understood by every seaman."— ATartTM 



BY THB SAMB AUTHOR, 

Steel SMps: Tbeir Gonstrnction and Maintenance. 

(See page 38.) 
LONDON: CHARLES GRIFFIN A CO., LIMITED, EXETER STREET, STRAND. 



ENGINEERINQ AND ME0HANIG8. 45 

Just Out. Fifteenth Edition, Thoroughly Revised, Greatly Enlarged^ 

and Reset Throughout, Large Svo, Cloth, pp. i-xxiv+708. 

With 280 Illttstra^ions, reduced Jrom Working Drawings, 

and 8 Plates, 2ls. net. 

A MANUAL OF 

MARINE ENGINEERING: 

COMPRISING THE DESIGNING, CONSTRUCTION, AND 
WORKING OP MARINE MACHINERY. 

By A. E. SEAT ON, M. Inst. C. E., M. Inst. Meeh. E., 
M.Inst.N.A. 



General Contents. — Part I. — Principles of Marine Propulsion. 
Part II. — Principles of Steam Engineering. Part III. — Details of 
Marine Engines : Design and Calculations for Cylinders, Pistons, Valves, 
Expansion Valves, &c. Part IV.— Propellers. Part V. — Boilers. 
Part IV. — Miscellaneous. 

*»* This Edition includes a Chapter on Water- Tube Boilers, with Jlluatra- 
tioDS of the leading Types ana the Revised Rules of the Buremu Veritas. 



"In the three-fold capacity of enabling a Student to learn how to design, construoi, 
And work a Marine Steam-Enipne. Mr. Seaton's Manual has no hital."— ZVmei. 

" By fiff the bkst Manual in existence. . . . Gives a complete account of th« 
methods of solving, with the utmost possible economy, the problems before the Mariuf 



he Student, Draughtsman, and £n«nneer will find this work the MOfT taluabli 
Handbook of Refsrence on the Marine Engine now in existence." — Marins Engineer, 



Seventh Edition, Thoroughly Revised. Pocket-Size, Leather. 8s. 6d. 
A POCEET-BOOE OF 

MARINE ENGINEERING RULES AND TABLES, 

TOR THB X7SK OT 

Marine Engineers, Naval Architects, Designers, Draughtsmen, 
Superintendents and Others. 

BY 

A. K BEATON, M.LaE., M.I.Mech.E., M.LN.A.. 

Ain> 
H. M. ROUNTHWAITE, M.I.Mech.E., M.I.N.A. 

"Admirably fulfils its purpose."— lfat«M Engrineer. 
By B. CUNNINGHAM . 

DOCKS: THEIR CONSTRUCTION & MAINTENANCE. 

(See page 27.) 
LONDON: CHARLES GRIFFIN « CO., LIMITED, EXETER STREET, STRAND. 
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WORKS BY PROF. ROBERT H. SMITH, Assoe.M.I.C.E., 

M.LM.E., M.LE1.E., M.IMiiL£., Whit Sch., M.Ord.MeijL 



THE CALCULUS FOR ENGINEERS 
AND PHYSICISTS, 

Applied to Teehnieal Problems. 

WITH EXTENSIVE 

OIiASSIFIED BEFEBENCE IiIST OF INTEGBAIiS. 
By PROF. ROBERT H. SMITH. 

ASSISTED BY 

R. F. MTJIRHEAD, M.A., B.Sa, 

Fonnerly Olark Fellow of Glasgow UniTersity, and Lecturer on MathemMlos at 
Mason CoUege. 

In Crown Svo, extra, with Diagrams and Folding-Plate, Ss. 6d. 

" PBor. B. H, Smith's book will be serviceable in rendering a hard road as xast as p&aotio- 
ABLi for the non-mathematical Student and Engineer/'— ^(Aetueum. 

*' Interesting diagrams, with practical illustrations of actual occurrence, are to be found here 
In abundance. Thb tbby cohplbtb classifibi) BB9BaBRCB tablb will prove very useful in 
saving the time of those who want an integral in a hxuTy."—The Engineer, 



MEASUREMENT CONVERSIONS 

(English and Frenoh) : 
28 GRAPHIC TABLES OB DIAGRAMS. 

Showing at a glance the Mutual Conyebsion of Measurements 
in DiFFEBENT Units 

Of Iiengths, Areas, Volumes, Weights, Stresses, Densities, Quantities 

of Work, Horse Powers, Temperatures, &c. 

For the use of Engineers, Surveyors, Architects, and Contractors. 

In 4to, Boards, 78, 6d, 



*^* Prof. Smith's Conversion-Tables form the most miiqne and com- 
prehensive collection ever placed before the profession. By their nse much 
time and labour will be saved, and the chances of error in calculation 
diminished. It is believed that henceforth no Engineer's Office will be 
oonsidered complete without them. 

** The work is invalttablb."— Cotttery Ghuardian. 

" Ought to be in bvbbt office where even occasional conversions are required. . . . Prof. 
Smith's tablbs form very bxcblibnt cebcks on results."— 2?Z«c(rioa{ Review. 

'Prof. Smith deserves the hearty thanks, not only of the Enoirbbb, but of the Cohmbboiaju 



WoBLD, for having smoothed the way for the adoftioh of the Hbtbic Btstbh of MBASUBBUBf » 
s sahiect which u now assuming great in " ' ^ ~ '~ — -.-^-.-i 

rOBBiaN TKADB."— 27m MaGkintry Market. 



% sahiect which u now assuming great importance as a factor in maintaining our bold upon 
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Second Edition in Preparation. In Large 8vo. Handsome Cloth. 10b. 6d. 

CHEMISTRY FOR ENGINEERS. 

BERTRAM BLOUNT, and A. G. BLOXAM, 

F.LO., P.O.S., A.LC.E., F.LC, P.O.8., 

Gonsnlting Ohemist to the Crown Agents for Consulting Chemist, Head of the Chemistry 

the Colonies. Depiurtment, Goldsmiths' Inst.. ' 

New Cross. 

QENBRAL CONTENTS.— Introdnctlon— Chemistry of the Chief MaterlalB 
of GonBtmetlon— Sources of Energy— Chemistry of Steam-raising— Chemis- 
try of Lnbrlcatloii aad Lnbrloants— Metallorglcal Processes used In the 
Winning and Mannfactore of Metals. 

"The aathors have suocsbdbd beyond all expectation, and have produced a work which 
should give trbsh powbb to the £ngineer and Manufacturer."— 2^ Times. 

"Pbactical thbouohout ... an admikablb tbxt-book, useful not only to Studenta, 
hut to EiroiirBBBS and Manaobbs of wobks in pbbtxktiho wabtb and iMPBoyiNa pbogbssbs."— 

"A book worthy to take high bank . . . treatment of the subjeet of gasxous fubl 
parflcularly good. , . . Waxbb gas and Its production clearly worked out. . . . We 
WABMLT BBCOMMBND the wotk."—JourtuU ofOoB Lighting. 

For Companion Volume by the same Authors, see " Chemistbt 
FOR Manufacturers," p. 71 General Catalogue, 



Pocket Size, Leather Limp, with Gilt Edges and Rounded Corners, printed on Special 
Thin Paper, with Illuatrations, pp. I.— XII. + 834. Price 18s. net. 

(THE NEW " NYSTROM ") 

THE MECHANICAL ENGINEER'S REFERENCE BOOK 

A Handbook oj Tables , Formulas and Methods for Engineers, 
Stiidents and Draughtsmtfn. 

By henry HARRISON SUPLEE, B.Sc, M.E. 

Tables, Formulas, and Reference Data for Mechanical Engineers, comprising machine 
design and information relating to the drawing office and the designing department; 
intended as a successor to the well-known Pocket- Book written many years ago by the 
late JoHv W. NrsTBOM.— Pu&/uA«r<* Note. 



Works by WALTER R. BROWNE, M.A., M.InslG.E., 

Late Fellow of Trinity College, Cambridge. 

THE STUDENT'S MECHANICS; 

An Introduetion to the Study of Foree and Motion. 

With Diagrams. Crown 8vo. Cloth, 4s. 6d. 

** Qear in style and practical in method, 'The Stvdbnt's Mechanics' is ootdiatty to be 
recommended from all points of vw9t,**—Athefutitm, 

FOUNDATIONS OF MECHANICS. 

Papers reprinted from the Engineer, In Crown 8vo, is. 
Demy 8vo, with Numerous Illustrations, 9s. 

FUEL AND WATER: 

A Manual for Users of Steam and Water. 

By Pbof. FRANZ SCHWACKHOFER of Vienna, and 

WALTER R. BROWNE, M.A., CE. 

Gbnbral Contents.— -Heat and Combustion— Fuel^ Varieties of— Fizinir Arrange- 
ments : Furnace, Flues, Chimney— The Boiler^ Choice of— Varieties — Feed-water 
Heaters— Steam Pipes— Water : Composition, Purification— Prevention of Scale, &c., &c. 

"The Section on Heat is one of the best and most ludd ever written."— ^m^mm^. 

" Cannot &il to be valuable to thousands using steam power.**— -Baiiwajf Engineer. 

LONDON : CHARLES GRIFFIN ft CO.. LIMITED. EXETER STREET, STRANDl 
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Second Edition, Revised and Enlarged. 

With Tables, Illustrations in the Text, and 37 Lithographic Plates. Medium 

8vo. Handsome Cloth. 30s. 

SEWAGE DISPOSAL WORKS: 

A Guide to the Constraetion of Works for. the Prevention of the 
Pollution by Sewagre of Rivers and Estuaries 

By W. SANTO CRIMP, M.Inst.C.K, F.G.S., 

Late A gsistant-Engineer, London County CoundL 



PART I.— Introductory. PART II.— Sswagb Disposal Works in 
Operation— Thsir Construction, Maintenance, and Cost. 

*•* From the foet of the Author^s having, for some years, had diarge of the Main 
Bxainafe Works of the Northern Section of the Metropolis, the chapter on London will be 
found to contain many important details which would not otherwise nave been available. 

" An persons interested in Sanitary Science owe a debt of gratitude to Mr. Crimp. . . 
His work will be especially useful to Sanitary Authoritiks and their advisers . . 
BMNairrLY practicax. and vssrvJ."—LaMcet. 

** rMbaUy the most cmmuktb and bbst tbbatisb on the sublect whidi has anoeared 
in our la]u;uage . . WHl prove of die m'tinitst use to all who have the proolem 
Sewage r^sposal to face."— iT^lw^r^A Medical J purmU. 



Beautifully Illustrated, with Numerous Plates, Diagrams, and 
Figures in the Text, 21s, net, 

TRADES' WASTE: 

ITS TREATMENT AND UTILISATION. 

A Handbook for Borough Engineers, Surveyors, Architects, and Analysts. 

By W. NAYLOR, F.O.S., A.M. Inst. C.E., 

Chief Inspector of Bivers, Bibble Joint Committee. 

CONTENTS.— I. Introduction.— II. Chemical Engineering.— III.— Wool De-greasing 
and Grease Kecovery.—IY. Textile Industries; Calico BleachiDg and Dyeing.— Y. Dyeing 
and Calico-Printing.— VI. Tanning and Fellmongery.— VII. Brewery and Distillery 
Waste.— VIII. Paper Mill Bef use.— IX. General Trades' Waste.— Index. 

"There is probably no person in England to-day better fitted to deal rationally with 
such a subject." — British Sanitarian. 

** The work is thoroughly practical, and will serve as a handbook in the future for those 
who have to encounter the problems discussed."— CAemtcai Trade Journal. 



At Press. Second Edition, Thoroughly Revised and Re- Written. 

CALCAREOUS CEMENTS: 

THEIR NATURE, PREPARATION, AND USES, 

Wft^ln ■lona.e XtexxRcuplKfli vapoxR Cexica.eicR^ Vea^ftn-tf* 

By GILBERT R. REDGRAVE, Assoc. Inst. C.E., 

Assistant Secretary for Technolofly, Board of Education, South Kensington. 

'* InvALUABLB to the Student, Arohitoct, and Eagineer.*'^ Building New*. 
" Will be useful to all interested in the icahitfactu&b, usr, and TRSTora of OementB."— 
inginmr. 

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRANa 



ELEOTSWAL ENQINEBRINQ. 49 

ELECTRICAL ENGINEERING. 

Second Edition, Revised, In Large ^o. Handsome Cloth, Profusely 
Illustrated wUk Plates^ Diagrams^ and Figures. 24s, net, 

CENTRAL ELECTRICAL STATIONS: 

Their Design, Organisation, and Management. 

By CHAS. H. WORDINGHAM, A.K.C., M.Inst.C.E., M.Inst.Mech.E., 

Late Memb. of Council InstE.E., and Electrical Engineer to the City of Manchester ; 
Electrical Engineer-in-Chief to thf Admiralty. 

ABRIDGED CONTENTS. 

Introductory. — Central Station Work as a Profession. — As an Investment.'^The Estab- 
lishment of a Central Station— Systems of Supply.— Site.— Architecture.— Plant.— Boilers — 
Systems of Draught and Waste Heat Economy. — Coal Handlinz, Weighing, and Storing.— 
The Transmission of Steam. — Generators. — Condensing Appliances. — Switching Gear, 
Instruments, and Connections. — Distributing Mains. — Insulation, Resistance, and Cost — 
Distributing Networks. — Service Mains and Feeders. — Testing Mains. — Meters and 
Appliances. — Standardising and Testing Laboratory. — Secondarv Batteries. — Street Light- 
ing. — Cost — General Organisation. — Mains Department. — Installation Department — 
Standardising Department— Drawing Office. — Clerical Department— The Consumer.— 
Routine and Main Laying. — Indbx. 

*' One of the most valuable contributions to Central Station literature we have had 
for some time,"— Electricity. 



ELECTRICITY CONTROL. 

A Treatise on Eleetrielty Switehgear and Systems of Tpansmission. 

By LEONARD ANDREWS, M.I.E.E., 

Ex-Member of Council of the Incorporated Municipal Electrical Association ; Consulting 

Electrical Engineer to the Hastings Corporation, &c., &c. 

General Principles of Switehgear Design. —Constructional Details. — Circuit Breakers or 

Arc Interrupting Devices. — Automatically Operated Circuit- Breakers. — Alternating Reverse 

Current Devices. — Arrangement of 'Bus Bars, and Apparatus for Parallel Running. — 

General Arrangement of Controlling Apparatus for High Tension Systems. — General 

Arrangement of Controlling Apparatus for Low Tension Systems. — Examples of Complete 

InstaUation& — Long Distance Transmission Schemes. 



Sixteenth Edition, Thoroughly Revised and Enlarged. 

A POCKET-BOOK 

ELECTRICAL RULES & TABLES 

FOX THE USE OF ELECTRICIANS AND ENGINEERS. 

By JOHN MUNRO, C.E., & Prof. JAMIESON, M.Inst.C.E., F.R.S.B. 

With Numerous Diagrams. Pocket Size. Leather, Ss. 6d. 

GENERAL GONTENTa 

Units of Measurement. — Measures. — Testug. — Conductors. — Dielectrics. — Submarin*. 
Cables. — ^Telegraphy. — Electro-Chemistry. — Electro-Metallurgy. — Batteries. — Dynamos and 
Motors. — Transformers. — Electric Lighting. — Miscellaneous. — Logarithms. — ^Appendices. 

*' WoNDBRPULLY PxsFBCT. . • . Worthy of the highest commwidafion we can 
give \Si.'*—EUctrician, 

"The Stbkling Valvb of Meaan. Muinu> and Jambsom's Poaur^BooK "- 
RUctricmlT ' 



LONDON : CHARLES GRIFFIN & CO., LIMITED. EXETER STREET^ STRAND. 



so 0HARLE8 ORIFFIN A C0:8 PUBLI0ATI0N8, 

By PROFESSOBS J. H, POYNTING k J. J, THOMSON. 

In Five Volames. Lftrge Syo. Sold Separately. 

A TEXT-BOOK OF PHYSICS. 

J. H. POTNTING, J. J. THOMSON, 

8C.D., F.m.B., ^JSCD ^'^t F.B.8., 

1*10 Fdlow of Trinity GoUen, Ounbridce; Fellow of Trinity Gollege, Oambridce; Prot 

ProfMMnr of Physies, Bfrmingham of Experimental Physics in the UniTersity 

University. of OsmbricUre. 



Introductory Volume, fully Illustrated. Second Edition, Revised. 
Price lOs. 6d. 

OoBTKMTfl. — Oravitatioa. — The Acceleration of Oravity. — Elasticity. — Stresses anri 
Strains.— TondOD.— Bending of Bods.— Spiral Springs.— Collision.— Compressibility of 
Liquids.— Pressures and Volumes of (Hses.— Thermal Effects Accompanying Stram.— 
Oapillarity.— Surface Tension.— Laplace's Theory of Capillarity.— Diffusion of Liquids — 
Dmusion of Oases.— Viscosity of Liquids.— Ikdex. 

" Students of physics cannot fail to derive benefit from the book."— fnowZedflre. 

"We regard this book as quite indispensable not merely to teachers but to physicists of ever 
grade above the lowest."— University CorreapondetU. 



Volume II. Third Edition. Fully Illustrated. Price 8b. 6d. 

S O U N^ I>. 

OoaTBNTs.- The Nature of Sound and its chief Characteristics.- The Velocity of Sound 
in Air and other Media.— RefliPC«ion and Befraction of Sound.— Frequency and Pitch of 
Notes.— Resonance and Forced Oscillations.— Analysis of Vibrations.— The Transver8e> 
Vnirations of Stretched Strings or Wires.— Pipes and other Air Cavities.— BodB.—Plate8. 
—Membranes.— Vibrations maintained by Heat.— Sensitive Flames and Jets.— Musical 
Sand.— The Superposition of Waves.— Index. 

'*■ The work . . . maybe recommended to anyone desirous of possessing an bast, 
UP-TO-DATB STAin>iJU> Tkxatisx ou Acoustlcs.*'— ZA<era<«r€. 

** Very clearly written. . . . The names of the authors are a guO'Tantee of Uie 
SGiBHTiTio AOCUBACT and TTP-TO-DATs OHABACTEB of the ■wotk.**— EducotionM Timet. 



Volume III. At Press. Fully Illustrated. 

h: S iL T. 

Contents. — Temperature. — Expansion of Solids — Liquids. — Oases. — Circulation 
and Convection.— Quantity of Heat ; Specific Heat.— Conductivity.— Forms of Energy ; 
Conservation ; Mechanical Equivalent of Heat.— The Kinetic Theory —Change of State ; 
Liquid Vapour. — Critical Points. — Solids and Liquids. —Atmospheric Conditions.— 
Badiation.— Theory of Exchanges.— Kadiation and Temperature.— Thermodynamics.— 
Isothermal and Adiabatic Changes.— Thermodynamics of Changes of State, and Solu- 
tions.— Thermodynamics of Badiation.— Index. 

Remaining Volumes in Preparation — 
LIGHT; MAGNETISM AND ELECTRICITY. 



THE MEAN DENSITY OF THE EARTH : An Essay to which the 

Adams Prize was adjudged in 1893 in the University of Cambridge. By J. H. 
POYNTING, ScD., F.R.S., Late Fellow of Trinity College, Cambridge; Professor of 
Physics, Birmingham University. In Large 8vo, with Bibliography, Illustrations in 
the Text, and Seven Lithographed Plates. 12s. 6d. 

" An account of this snUect cannot fail to be of eaiAT and oaniaAJL mmasv to the sdentifle 
mhid. BspeclallT is this the case when the accoant is given by one who has contributed so 
oonsiderably as has Prof. Poynting to our present state of knowledge with respect to a very 
difficult subject. . . . Remarkably has Newton's estimate been vemed by Prof. Poynting."— 
Athenaeum. 

LONDON : CHARLES GRIFFIN ft CO., LIMITED. EXETER STREET, STRAND. 
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MEDIGINE AND THE ALLIED SCIENCES. < 

Third Edition, Rerised, Enlarged, and Re-issaed. Price 6s. net 

A SHORT MANTTAL OF 

INORGANIC CHEMISTRY. 

BY 

A. DUPRE, Ph.D.,.F.R.S:, 



WILSON HAKE, Ph.D., F.I.O., F.C.S., 

Of the Westminster Hospital Medical School 

" A well-writtca, dear and accurate Elementary Manual of Inoisaaic Ghemstry. . . 
We agree hirartily with the system adopted by Drs. Duprtf and Hake. Will makb ExpbxI' 

MXHrtKL WOUC TKSBLY IMTBRSSTING BBCAUSB IMTBLUGIBLS."— ^StfAim^S^ RtvitW, 

"There is no question that, given the PBsncT movmdimg of the Student in his Scknc^ 
the wwiiidsr cones afterwards to him in a maaner much more simi^ and easily acquired 
The work is am bxamplb of thb advantagbs of thb Systbmatic Tbbatmbht of a 
Sdffioe over the fragmcntaij style so generally followed. By a lomo way thb bbst of the 

small Manuals for Students.'^— ^Mo/j^f/. 



LABORATORY HAHDBOOES BT A. HUMBOLDT SEXTON, 

Professor of Metallargy in the Glasgow and West of Scotland Technical OoUoge. 



OUTLINES OF QUANTITATIVE ANALYSIS. 

FOR THB USB OF STUDBNTS, 

With IlliutrationB. Fourth Edition. Crown Syo, Cloth, 3b. 

*' A OMfPAor LABORATOBT GuiDB for beginnen was wanted, and the want has 
been WBLL suvPLOD. . . . A good and nsefol book.*'— Xoneet 



OUTLINES OF QUALITATIVE ANALYSIS. 

FOR THB USB OF STUDBNTS. 

With niostrations. Fourth Edition, Revised. Crown 8to, Cloth, Ss. 6d. 

" The work of a thoron^y practical Ghemief'—BrttifA Medkal JownnaX. 
'* Compiled with great care, and will rapply a want.**— t/bumoZ of Edv^caHon- 



ELEMENTARY METALLURGY: 

Inclnding the Author's Practical Laboratory Coarse. With many 
lUustrations. [See p. 66 General Catalogue. 

Thibd Edition, Revised. Crown 8vo. Cloth, 68. 
** Just the kind of work for students oommendng the study of metallurgy."— 
Practical Engineer. 

LONDON: CHARLES GRIFFIN A CO.. LIMITED, EXETER STREET. STRAND, 



$J 0HARLB8 OniFFIN A CfO.'S PUBLWATI0N8. 

Demy Svo, Handsome eloth, 18s. 

Physical Geology and Palsontology, 

OJV THE BASIS OF PHILLIPS. 
HARRY GOVIER SEELEY, F.R.&, 

P&OFBSSOR OP GEOGRAPHY IN KING'S COLL.BGB, LONDON. 

HDlltb f tontfBplece in Cbtomo«iX4tbodtapbi2> an^ }lluBttation6* 

'* It is impossible to praise too highly the research which Pkofbssor Sbblby's 
' Physical Geology ^ evidences. It is far more than a Text- book— it is 
a Directory to the Student in prosecuting his researches." — PrtsidetUuU Ad" 
dress U the Geological Society^ 1885,/^ Rev, Prof, Bonmy^ D,S£,^ LL,D,y F.R,S, 

<* Professor Seblby maintains in his ' Physical Geology ' the high 
reputation he already deservedly bears as a Teacher." — Dr. Henry Wood- 
wardy F.R.S,^ in the " Geological Magatane,^^ 

** Professor Sbblby's work includes one of the most satisfactory Treatises 
on Lithology in the English language." — American /oumal 0/ Engineering, 



Dem/U Svo, Handsome cloth, S4s. 

StratigrapMcal Geology & Pakontology, 

OJf TEE BASIS OF PHILLIPS. 

BY 

ROBERT ETHERIDGE, F.R.S, 

OP THB NATUKAL HIST. DBPARTlf BNT. BRITISH liUSBUIi. LATB PALEONTOLOGIST TO THB 

GBOLOGICAL SUBVBV OP GRBAT BRITAIN, PAST PBBSIDBNT OP THB 

GBOLOGICAL SOCIBTV. BTC. 

TKIlitb Aap, fiumetou0 ITabled, an^ ZhitVs^M putes* 

** No such compendium of geological knowledge has ever been brought together beiare."— • 
W§$t9minsUr Review. 

" If Prop. Sbblby's volume was remarkable for its originality and the breadth of its vtews^ 
If r. Etrbbidgb fully justifies the assertion made in his preface that his book differs in con> 
stniction and detail from any known manual . . . Must take high bank among works 

OP KBPBRBNCB."— ^/Am«wm. 



OPEll-MR STUDIES III GEOLOGY: 

An Introduetion to Geologry Out-of-doors. 

By professor GRENVILLE COLE, M.R.LA., F.G.S. 

For details, see Griffin's Introductory Science Series, p. 19. 

lONDON: CHARLES GRIFFIN ft CO., LIMITED, EXETER STREET, STRAND. 



■ u u u t^JJ IQ 




B89088935598A 



Thli book miiy bt kapi 

FOURTEEN DAYS 

from Iftel date ■tamped below. A fine of TWO CENTS 
will btt charced for «««h dmj tb« bosk ti kept ov«r 
time. 






^ 



auG-:^^s 



y 



-1 



fi1QflflT3SS1fi 




b89088g355g8a 



